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SUMMARY
Much evidence now e x is ts  to  show th a t  unbalanced DNA p recu rso r 
poo ls  cause DNA r e p l ic a t io n a l i n f i d e l i t y  in  v i t r o . However, 
th e re  are  r e la t iv e ly  few data w ith  in  v iv o  systems. Experim ents 
were perform ed th e re fo re ,  to  determ ine i f  unbalanced p recu rso r 
poo ls cou ld  be induced in  v iv o  and i f  so , what a f fe c t  t h is  would 
have on va r io u s  g e n e tic  m arkers.
The nuc leos ide  thym id ine  was shown to  be com p le te ly  n o n -to x ic  to  
the  r a t  when adm in is te red  o r a l l y ,  n eg a tive  in  the  dominant le th a l 
assay and was o n ly  m a rg in a lly  c la s to g e n ic  in  the  m icronucleus 
t e s t .  T re a tm e n t o f  human lym p h o cy te  chromosomes w i th  th e  
e s s e n tia l amino a c id  a rg in in e ,  a rre s te d  c e l l  d iv is io n  p o s s ib ly  
due to  a predominance o f  a rg in in e - r ic h  h is to n e s  l im i t in g  the  
chrom atin -condensa tion  d u rin g  m ito s is .
Thymidine adm in is te red  i . p .  to  mice induced marked in c rea ses  in  
th e  p ro p o r t io n s  o f  abnorm al sperm  and th e  same e f f e c t ,  to  a 
le s s e r e x te n t,  was seen in  r a ts .  The a ffe c te d  g e rm -c e ll stages 
were the  mid -  to  la te  pachytene sperm atocytes. These a f fe c ts  
were p ro b a b ly  due to  b a s e -m is in c o rp o ra t io n  o c c u r in g  d u r in g  
unscheduled DNA s y n th e s is . The p u rin e  nuc leos ide  adenine caused 
d o se -re la te d  inc reases  in  the  frequency o f  abnormal sperm in  
m ice. In  r a ts ,  a p ro p o rt io n  o f  an im als g iven  150mg/kg adenine 
show ed h ig h  l e v e ls  o f  a b n o rm a l spe rm  w h i l s t  o t h e r s  w e re  
u n a ffe c te d . Exam ination o f  mice in  the  g en e ra tion  revea led
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t h a t  th e  damage to  th e  g e rm -c e l ls  was t r a n s m is s ib le .  The 
s im u lta n e o u s  a d m in is t r a t io n  o f  d e o x y c y t id in e  w i th  excess 
th y m id in e  t o  m ic e  p a r t l y  i n h i b i t e d  th e  e f f e c t s  on spe rm  
morphology in d ic a t in g  th a t  those e f fe c ts  were due to  p recu rso r 
pool im balance.
In  a d d it io n ,  an a n a ly t ic a l techn ique was developed to  measure 
n u c le o s id e s  and bases in  th e  te s te s  u s in g  HPLC. The m ethod 
proved to  be ra p id ,  re p ro d u c ib le  and q u a n t ita t iv e  and showed th a t  
lh r  fo llo w in g  i . p .  in je c t io n ,  thym id ine  le v e ls  in  the  te s te s  
in c re a s e d  m a rk e d ly  and t h e r e a f t e r  q u ic k ly  r e tu r n  to  c o n t r o l  
le v e ls .
F in a l ly ,  experim ents were in i t ia t e d  to  in v e s t ig a te  the  mechanisms 
u n d e r ly in g  th e  fo rm a t io n  o f  m o rp h o g ic a lly  abnorm a l sperm . 
Po lyacry lam ide ge l e le c tro p h o re s is  was used to  id e n t i f y  membrane 
p ro te in s  in  sperm from  both c o n tro l and tre a te d  an im a ls .
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C H A P T E R  1
Introduction
1 .1 . DNA METABOLISM
The c e n t r a l  p ro c e s s  o f  d e o x y r ib o n u c le ic  a c id  (DNA) 
m etabolism  is  the  p o ly m e ris a tio n  o f  n u c le o tid e s .
A n u c le o tid e  has th re e  components: a p u rin e  o r p y r im id in e  
base, a deoxyribose res idu e  and a phosphate group. The base 
i s  l in k e d  to  the  sugar through one o f  i t s  n itro g e n s  by a N- 
g l y c o s id i c  bond t o  fo rm  th e  n u c le o s id e  and when th e  
phospha te  i s  e s t e r i f i e d  to  ca rb o n  5 o f  th e  su g a r th e  
n u c le o tid e  is  ach ieved . N uc leo tides  can occur in  th e  mono, 
d i o r tr ip h o s p h a te  s ta te s  and are  designa ted dNMP's, dNDP’ s 
and dNTP's re s p e c t iv e ly .
There are  fo u r  d i f f e r e n t  n u c le o tid e s  d is t in g u is h e d  by th e i r  
base s : th e  p y r im id in e s ,  th ym in e  and c y to s in e  and th e
p u rin e s , adenine and guanine. The n u c le o tid e s  a re  lin k e d  
to g e th e r by c o va le n t phosphod iester bonds th a t  jo in  the  5 1 
carbon o f  one deoxyribose to  the  3 1 carbon o f  th e  nex t to  
form  the  lo n g , unbranched polymer o f  the  d e o x y rib o n u c le ic
17
s t ra n d .  When th e  two s t ra n d s  a l ig n  th e m se lve s  in t o  th e  
c l a s s i c a l  d o u b le  h e l i x  s t r u c t u r e ,  th e  b a se s  o f  th e  
in te r tw in e d  s tran ds  a re  d ire c te d  inw ard , w ith  each base from  
one p a ir in g ,  through weak hydrogen bonds, w ith  a base o f  the  
o th e r .  Due to  th e  s iz e  d i f fe r e n c e s  between th e  bases 
(p y rim id in e s  are  s m a lle r than p u rin e s ) and due a ls o  to  the  
p o s it io n in g  o f  hydrogen bonding s i t e s ,  o n ly  adenine can p a ir  
w i th  th ym in e  and o n ly  g u a n in e  w i th  c y to s in e .  A d i r e c t  
consequence o f  t h is  b a s e -p a ir in g  is  th a t  DNA c a r r ie s  i t s  
g e n e tic  in fo rm a tio n  by means o f  the  l in e a r  sequence o f  i t s  
n u c le o tid e s . The fo u r  bases can occur in  any p ro p o rt io n s  
and in  any o rd e r  and t h i s ,  to g e th e r  w i th  th e  enorm ous 
le n g th s  o f  the  ch a ins , enables DNA to  encode va s t amounts o f  
g e n e tic  in fo rm a tio n .
1 .2 . GENETIC STABILITY
’ M u ta tion  is  the  r e s u lt  o f  some b iochem ica l d is o rg a n is a tio n  
in  w h ich  p ro ce sse s  n o rm a lly  te n d in g  to  h o ld  m u ta t io n  
freq uenc ies  in  check, are  to  some e x te n t,  in te r fe r r e d  w i th ' 
-  M u lle r ,  1954.
DNA r e p l ic a t e s  w ith  a h ig h  deg ree  o f  a c c u ra c y . T h is  i s  
necessary in  o rde r to  m a in ta in  the  genome, bu t a few e r ro rs  
m ust be p e rm it te d  f o r  s p e c ie s  e v o lu t io n  (Loeb & K u n k e l, 
1 9 8 2 ) .  Thus g e n e t ic  s t a b i l i t y  i s  n e c e s s a ry  f o r  th e  
fo rm a t io n  o f  norm a l p roge ny  and g e n e t ic  v a r i a b i l i t y  i s  
necessary fo r  n a tu ra l s e le c t io n  (Haynes, 1985). However,
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ove r t im e ,  n a tu r a l  s e le c t io n  has caused u n fa v o u ra b le  
v a r ia t io n s  to  be lo s t  and fa vou rab le  ones to  p r o l i fe r a te  
and i t  i s  now considered th a t  the  human genome is  s ta b le  and 
any new m u ta tions  are l i k e l y  to  be d e le te r io u s .
DNA r e p l ic a t e s  in  a s e m i-c o n s e rv a t iv e  m anner. The two 
s tra n d s  in  th e  d o u b le  h e l ix  unw ind and s e p a ra te  and new 
s tran ds  a re  syn thes ized  a longs ide  each. Due to  the  h ig h ly  
s p e c i f i c  b a s e -p a ir in g  th e  new s tra n d s  a re  n e c e s s a r i ly  
id e n t ic a l to  the  o r ig in a ls .  I t  i s  d u rin g  t h is  r e p l ic a t io n  
th a t  m u ta tion  may occu r.
I t  was though t o r ig in a l ly  th a t  DNA was u n u su a lly  s ta b le ,  
r e s is ta n t  to  m u ta tion  by a l l  bu t a few h igh -ene rgy  agents 
such as X -rays and u l t r a v io le t  r a d ia t io n .  I t  i s  now known 
th a t  DNA i s  a ra th e r  o rd in a ry  s tru c tu re  in  the  b iochem ica l 
sense , s u b je c t  to  a l l  th e  v a g a r ie s  o f  p h y s io lo g ic a l  and 
chem ical d is ru p t io n .  On the  b a s is  o f  spontaneous m u ta tion  
ra te s ,  i t  has been estim a ted  th a t  the  frequency o f  b a se -p a ir 
s u b s t i t u t io n s  d u r in g  DNA r e p l i c a t io n  i s  a c t u a l ly  in  th e
—ft — 1 irange o f  10 to  10 per b a se -p a ir syn thes ized  (Drake, 
1969; Drake, 1970; Cox, 1976).
Base m is p a ir in g  m uta tions  can be d iv id e d  in to  two typ e s ; 
those in  which a p u rin e  i s  rep laced  by a d i f f e r e n t  p u r in e , 
o r  a p y r im id in e  by a d i f f e r e n t  p y r im id in e  -  t h i s  i s  
t r a n s i t io n  m u ta tio n , o r  those in  which a p u rin e  i s  rep laced  
by a p y r im id in e  and v ic e -v e r s a  -  t h i s  i s  a t r a n v e r s io n
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m u ta tio n . In  a d d it io n ,  the  gaps crea ted  in  the  DNA s tra n d  
by e x c is io n  o f  the  p re -m u ta tio n a l le s io n s  may be f i l l e d  by 
too  many o r too  few n u c le o tid e s . S ince t h is  would r e s u lt  in  
a d is r u p t io n  o f  th e  codon m u l t ip le s  o f  th r e e ,  m u ta t io n s  
known as fra m e s h if t  w i l l  occu r. A consequence o f  a l l  these 
events is  a m isread ing  o f  the  g e n e tic  code and a g re a t ly  
a lte re d  p o ly p e p tid e .
There are  numerous fa c to rs  which may i n i t i a t e  m u ta tio n a l 
even ts d u rin g  DNA r e p l ic a t io n .  These in c lu d e  ta u to m e ric  
s h i f t s  in  n u c le o t id e  base s , spon taneous d e a m in a tio n  o f  
c y to s in e  and p u rin e s , d e p u rin a tio n  and d e p y r im id is a tio n , 
phosphod iester bond h y d ro ly s is ,  spontaneous m e th y la tio n  o f  
adenine and base cleavage by fre e  ra d ic a ls .  In  a d d it io n ,  
c e l ls  are exposed n a tu r a l ly  to  many mutagenic agents o f  both 
e xo g e n o u s  and e n d o g e n o u s  o r i g i n  i . e .  f r e e  r a d i c a l s ,  
p e r o x id e s ,  s i n g l e t  o x y g e n , r e d u c in g  a g e n ts ,  a l k y l  
n itro sa m in e s , n i t r i t e s  e tc .  (Haynes, 1985). I f  a l l  these 
p o s s ib i l i t ie s  are  taken in to  account the  p o te n t ia l m u ta tion  
r a te  i s  much h ig h e r  th a n  th e  a c tu a l and th e r e fo r e  i t  i s  
obvious th a t  mechanisms e x is t  fo r  the  maintenance o f  DNA 
r e p l ic a t io n a l f i d e l i t y .
F i d e l i t y  mechanisms in  p o ly n u c le o t id e  s y n th e s is  may be 
d iv id e d  in t o  th re e  c a te g o r ie s .  The f i r s t  in c lu d e s  b o th  
d e to x i f ic a t io n  pathways to  p ro te c t  a g a in s t DNA damage and 
a c t iv e  d is c r im in a t io n  a g a in s t  th e  in c o r p o r a t io n  o f  an 
in c o r re c t  n u c le o tid e . I f  a m is take  does occu r, p ro o fre a d in g
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enzymes may be a c t iv a te d  to  exc ise  i t  e i th e r  a t  the  tim e  o f ,  
o r im m ed ia te ly  a f te r  in c o rp o ra t io n . F in a l ly ,  i f  e i th e r  o f  
these p ro te c t iv e  measures f a i l ,  a d d it io n a l p o s t - re p lic a t io n  
mechanisms e x is t  fo r  DNA re p a ir .  In  mammalian c e l ls ,  m ajor 
p ro te c t io n  a g a in s t DNA damage is  achieved by a v a r ie ty  o f  
enzymes ie .  superoxide d ism utase, g lu ta th io n e  peroxidases 
and tra n s fe ra s e s , and sm a ll m olecu les such as v ita m in s  C and 
E , B - c a r o te n e  and u r i c  a c id .  D u r in g  DNA s y n t h e s is ,  
d is c r im in a t io n  a g a in s t a wrong base being in s e r te d  in to  the  
new DNA cha in  is  the  r e s u l t  o f  the  d if fe re n c e  in  f re e  energy 
between c o r re c t  and in c o r re c t  b a s e -p a ir in g s  (Loeb, e t  a l , 
1974; H o p fie ld , 1974). In  a d d it io n  th e re  e x is t  s p e c i f ic  
p r o t e in s  f o r  e n z y m a t ic  s y n t h e s is  o f  DNA. These  a re  
polymerases th a t  in c reases  the  above mentioned d if fe re n c e  in  
f re e  energy (H o lland e t  a l , 1982; Kunkel & Loeb, 1981| Other 
systems no t proven in  eukaryo tes are 3 f -  e x o n u c le o ly t ic  
p roo fre a d in g  (B ru tle g  & Kornberg, 1972; Kornberg, 1980) and 
m e th y la t io n  -  i n s t r u c t e d  p o s t - r e p l i c a t i v e  m i s m a t c h  
c o r re c t io n  (Glickman & Radman, 1980). P ro k a ry o tic  jc e lls  
the  m ajor systems fo r  p re se rv in g  the  in t e g r i t y  o f  DNA are 
va riou s  modes o f  DNA re p a ir ,  which may be d iv id e d  in to  two 
groups: e rro r-p ro n e  and e r ro r - f r e e  re p a ir .  In  both  types ,
re p a ir  i s  e f fe c te d  by enzymes e x is t in g  s p e c i f ic a l ly  fo r  t h is  
p u rp o se . A n o n -e x h a u s t iv e  l i s t  o f  th e se  enzymes w ou ld  
i n c l u d e :  l i g a s e s  t o  r e p a i r  b r e a k s ,  e n z y m e s  f o r
p h o to re a c tiv a tio n  re p a ir  o f  d im ers, g lyco lyse s  fo r  removing
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u r a c i l  and exonucleases and re p lic a s e s  fo r  the  e x c is io n  o f  
e r ro rs  and 'p a tc h in g 1 the  ensuing gap. DNA polymerase 1 is  
one o f  th e  p r in c ip a l  enzymes in v o lv e d  in  r e p l i c a t io n a l  
r e p a ir .
H astings e t  a l  (1976) have shown th a t  some re p a ir  pathways 
are  m utagenic w h ile  o th e rs  a re  n o t. U lt im a te ly  t h is  has le d  
to  the  DNA dam age-repair hypo thes is  ( ! W itk in ,  1967, ) #
th e  g e n e ra l p r in c ip le s  o f  w h ich  a re  t h a t  w h i l s t  some 
p re m u ta tio n a l le s io n s  a re  removed by e r ro r - f r e e  mechanisms 
and r e s u lt  in  no le th a l o r m u ta tio n a l consequences, some are 
processed by e rro r-p ro n e  re p a ir .  In  e rro r-p ro n e  r e p a ir ,  the  
damage i s  re p a ire d  in c o r r e c t l y  and t h i s  may have se v e re  
consequences, p o s s ib ly  more s e r io u s  th a n  th e  o r ig i n a l  
damage. T he re fo re , re p a ir  systems can be both c a u sa tive  and 
a m e lio ra t iv e . An im p o rta n t a l te rn a t iv e  to  e x c is io n  re p a ir  
in  p roka ryo tes  a t  le a s t ,  i s  the  p o s t - re p l ic a t io n a l re p a ir  
mechanism in  which a segment su p p lie d  by the  p a re n ta l DNA 
s tra n d  is  used to  patch the  d e fe c t iv e  segment th a t  cou ld  no t 
be p ro p e r ly  re p lic a te d .
Thus the  h igh  f i d e l i t y  o f  DNA syn th e s is  and r e p l ic a t io n  i s  
achieved by a m u lt is te p  process in v o lv in g  many mechanisms 
(Loeb & Kunkel, 1982). Lack o f  c e r ta in  DNA re p a ir  systems 
leads to  a number o f  h e re d ita ry  d e fe c ts . In  humans these 
in c lu d e  xerode rm a p igm entosum , B loom 's  syndrom e, a ta x ia -  
te la n g ie c ta s ia  and F an con i's  anaemia.
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O v e ra ll th e re fo re , m u ta tions  may be induced by agents e ith e r  
d i r e c t l y  , by th e  in d u c t io n  o f  DNA b a s e -m is p a ir in g  o r  
in d i r e c t ly  by the  gene ra tion  o f  p re -m u ta tio n a l le s io n s  which 
a re  c o n v e r te d  in t o  m u ta t io n s  as a consequence o f  t h e i r  
m is r e p a ir  by e r ro r - p r o n e  e n z y m a tic  DNA r e p a i r  p ro ce sse s  
(Auerbach, 1976; Drake & B a ltz ,  1976; Goodenough, 1978).
E v id e n tly  m u ta tions  may be caused by a lte r a t io n s  in  a number
o f  m e ch a n ism s  i n v o l v e d  i n  DNA s y n t h e s is .  The b a s ic
b io c h e m ic a l  r e q u ir e m e n ts  f o r  DNA s y n t h e s is  a r e :  a
p o ly n u c le o tid e  tem p la te , DNA polymerase, the  d iv a la n t  c a t io n  
2+Mg , dNTP p re c u rs o rs  and in  v iv o , th e  enzymes f o r  dNTP
b io s y n th e s is . I t  has been shown th a t  a l te r a t io n s  in  the
tem p la te  can decrease r e p l ic a t io n a l f i d e l i t y ,  fo r  example
a lk y la t io n  o f  p u rin es  re s u lts  in  random m is in c o rp o ra tio n  on
the  daughter s tra n d s  (S inger & K roger, 1979) and c o va le n t
attachm ent o f  a rom atic  r in g s  te rm in a te s  s y n th e s is  (Moore
e t  a l , 1 9 8 1 ). W h ile  th e  e f f e c t  o f  m o d i f ic a t io n  o f  DNA
polymerase has no t been s tu d ie d  e x te n s iv e ly  w ith  re sp e c t to
f i d e l i t y ,  E^ _ c o l i  polymerase I  f i d e l i t y  was d im in ish ed  by
io n iz in g  ra d ia t io n  and m e th y ln itro s o u re a  ( S a f f h i l l ,  1974),
w h i l s t  r a t  l i v e r  DNA p o lym e ra ses  , J3 and showed
d e c r e a s e d  a c t i v i t y  f o l l o w i n g  t r e a t m e n t  w i t h
m e th y ln itro s o u re a , N-acetoxy-N-2 a c e ty la m in o flu o re n e , o r
MNNG (Chan & B e c k e r, 1 9 8 1 ). DNA po lym e ra se  a c t i v i t y  i s  
2+dependent upon Mg and s u b s t itu t io n  o f  magnesium fo r  o th e r 
d iv a le n t  m e ta l io n s  re duce s  f i d e l i t y  o f  DNA r e p l i c a t io n  
(S iro v e r & Loeb, 1976). F in a l ly ,  i t  i s  now recogn ized th a t
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a lte r a t io n s  in  DNA p recu rso r poo ls  can a f fe c t  r e p l ic a t io n a l 
f i d e l i t y  (B a rc lay  e t  a l , 1982; Haynes e t  a l 1983; Zimmerman, 
1982; Kunz, 1982) and produce v i r t u a l l y  a l l  known e f fe c ts  
commonly assoc ia ted  w ith  p h y s ic a l and chem ical mutagens.
1 .3 . DNA PRECURSOR POOLS
1 .3 .1 . S yn thes is
There are two a n a b o lic  pathways o f  n u c le o tid e s : a) de novo
syn th e s is  which u t i l i z e s  sm a ll m olecu les such as fo rm a te , 
u re a , ca rbon  d io x id e ,  and am ino a c id s  such as g ly c in e ,  
a s p a rta te  o r g lu ta m ine ; b) the  salvage pathways in  which 
p re fo rm e d  p u r in e s  o r  p y r im id in e s  fro m  d ie ta r y  in ta k e ,  
p a r t ic u la r ly  foods r ic h  in  n u c le i i . e .  l i v e r ,  k id n e y , y e a s t, 
pancreas o r t is s u e  breakdown, p a r t ic u la r ly  the  e x p e lle d  
n u c le i from  red blood c e l ls ,  a re  used as p recu rso rs  f o r  the  
syn th e s is  o f  dNTP's.
de novo s y n th e s is
The pathways fo r  p u rin e  and p y r im id in e  s y n th e s is  a re  ra th e r  
d i s s i m i l a r  i n  t h a t  w i t h  p y r im id in e  n u c le o t id e s  th e  
p y r im id in e  r in g  i s  formed f i r s t  and the  r ib o s e  and phosphate 
groups a ttached  la te r ,  whereas w ith  p u rin e  n u c le o tid e s  the  
pu rin e  r in g s  are  b u i l t  up g ra d u a lly  on a r ibose -phospha te  
fo u n d a tio n .
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In  p u rin e  n u c le o tid e  b io s y n th e s is  the  b a s ic  p recu rso rs  are  
donated by g ly c in e  (carbons 4 & 5 and n itro g e n  7 ) ,  fo rm ate  
(carbons 2 & 8 ) ,  b ica rb ona te  o r  carbon d io x id e  (carbon 6) 
and a s p a rta te  o r  g lu tam ine  (n itro g e n s  1 & 3 ) .  The i n i t i a l  
s tep  in v o lv e s  the  t ra n s fe r  o f  a pyrophosphate group from  ATP 
to  r ibose -5 -phospha te  (from  the  pentose phosphate pathw ay). 
The re a c t io n  i s  summarized as fo llo w s :
1. +  ATP
\
synthetase
PRPP
OH OH
r ib o s e -5 -
phosphate
5-phosphoribosy! 
pyrophosphate (P R P P )
OH OH
CHz 0 ( P )  a  NHo
2. P R PP+glu tam ine
OH OH 
5 -p h o s p h o -  
ribosylamine
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A succession o f  re a c tio n s  in v o lv in g  the donation  o f  va rio u s  
p u r in e  r in g  com ponents and r in g - c lo s u r e s  r e s u l t  in  th e  
p rim ary  p roduct o f  p u rin e  b io s y n th e s is , in o s in e -5 '-p h o s p h a te  
( in o s in a te  o r IMP):
HN ^
I II CH 
hc^ c \ n 7
ribose(P)
IMP
The f i r s t  r e a c t io n  in  th e  fo rm a t io n  o f  th e  p y r im id in e  
n u c le o tid e s  i s  the  syn th e s is  o f  carbamyl phosphate, and the  
p rim ary  p roduc t i s  u r id in e -  5 ’ -phosphate (UMP). The pathway 
is  shown below:
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C02 + NH3 + 2ATP -► NHo -  C -  0  - ®  + aspartate 
L II 
0
carbamyl 
phosphate 
A
HN
I
0  — C
0
II
c
/  \
HO.
\
2CH 
I
HC-COOH
dihydroorotate
0
II
C
H
dihydroorotic 
acid 
A
/
0
II
C
HN ^  X CH 
I II
0  =  C C-COOH
H
h 2n
\
CH-
0  =  C H C -C O O H
X  N ' '
H
carbamyl aspartic 
acid 0
II
HN CH
1 I
0 = C  C-CO O H
X N ^
+  PRPP ------ ^  CH20 ®
H
0
H H
H
HN
I
o = c
0 
II
c
/  \
\  /
CH
II
CH
orotidine
phosphate
carboxylase
OH OH 
orotid ine- 5 '  -phosphate
CH2 0 ®
0
H H
H H
OH OH 
u r id in e - 5 ' -phosphate (UMP
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Salvage Pathway
The nuc leos ides IMP and UMP are  the  d i r e c t  p recu rso rs  in  the  
syn th e s is  o f  the  d e o xy rib o n u c le o tid e s . However, p u r in e  and 
p y r im id in e  n u c le o t id e s  can a ls o  be s y n th e s iz e d  v ia  th e  
savage pathw ay i . e .  fro m  p re fo rm e d  bases o r  n u c le o s id e s  
us ing  r e la t iv e ly  few enzymes. Bases may be converted  to  
r ib o n u c le o t id e s  in  th e  p resen ce  o f  p y ro p h o s p h o r ib o s y l 
phosphate (PRPP) us ing  phosphoribosy l tra n s fe ra s e s  and more 
i n d i r e c t l y  v i a  n u c le o s id e s  u s in g  p u r in e  n u c le o s id e  
p h o s y p h o ry la s e  and th e n  a b a s e - s p e c if ic  k in a s e  f o r  th e  
convers ion  o f  nuc leos ide  to  n u c le o tid e .
The b io s y n th e t ic  pa thw ays o f  th e  dNTP's a re  l in k e d  by 
n u c le o t id e  in te r c o n v e rs io n s  and by v a r io u s  r e g u la to r y  
m e c h a n i s m s .  A g e n e r a l i s e d  s c h e me  f o r  t h e  p u r i n e  
in te r c o n v e rs io n s  may be seen in  F ig u re  1 . and f o r  th e  
p y r im id in e s  in  F igu re  2. (reproduced from  Kunz, 1982). As 
may be seen th e re  are  32 d i f f e r e n t  enzymes in v o lv e d , b u t one 
o f  th e  most im p o r ta n t  i s  r ib o n u c le o t id e  re d u c ta s e  w h ich  
reduces ADP, GDP, CDP and UDP to  the  correspond ing  dNDP,s 
(Thelander & R e ichard, 1979; R e ichard, 1985). These dNDP’ s 
are  converted  d i r e c t ly  to  the  tr ip h o s p h a te  fo rm s, which in  
the  case o f  dATP, dGTP and dCTP are the  d i r e c t  p re cu rso rs  
fo r  DNA. The fo u r th  c o n s t itu e n t  o f  DNA, dTTP however, has a 
longe r and more complex s y n th e t ic  pathway. dTTP appears 
i n i t i a l l y  in  the  c e l l  as dTMP and i s  d e rive d  by m e th y la tio n
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f ro m  dUMP. The r e a c t io n  i s  c a ta ly s e d  by th e  enzym e 
th y m id y la te  syn the tase  and N*5, N ^ -m e th le n e te tra -h y d ro fo la te  
serves as the  m ethyl donor. A lte ra t io n s  in  the  s iz e  o f  any 
one dNTP pool can be expected to  a f fe c t  another and these 
poo ls  may be a lte re d  by g e n e tic  o r d rug-induced a tta c k  on 
n u c le o t id e  b io s y n th e s is  a t  any o f  th e  many c o n v e rs io n  
re a c t io n s , and a ls o  in  the  case o f  dTTP, by in te r fe re n c e  
w ith  fo la te  m etabolism .
E v id e n tly  accu ra te  DNA syn th e s is  may w e ll depend upon the  
a v a i la b i l i t y  o f  DNA p recu rso rs  and i t  m igh t be expected th a t  
in te r fe re n c e  w ith  the  balance o f  DNA p recu rso r poo ls  would 
in te r fe r e  w ith  DNA f i d e l i t y .  However, measurements in d ic a te  
th a t  dNTP poo ls  are  ex trem e ly  sm a ll and would be s u f f ic ie n t  
to  s u s ta in  DNA syn th e s is  fo r  o n ly  a few m inutes (Skoog & 
N ordensk jo ld , 1971; B ju r s e l l  & R e ichard, 1973). I t  m igh t be 
argued th e re fo re , th a t  s in ce  th e re  i s  a m ulti-enzym e complex 
in v o lv e d  in  dNTP s y n th e s is , th e re  is  no need fo r  f re e  dNTP 
p o o ls  a t  a l l .  N e v e r th e le s s ,  th e re  i s  e v id e n c e  f o r  th e  
ex is te n ce  o f  nuc lea r and cy top la sm ic  DNA p recu rso r poo ls  in  
mammalian c e l ls  (N icander & R e ichard, 1983; Leeds e t  a l , 
1985; Mathews, 1985; R e ichard, 1985) and more re c e n t ly  Phear 
e t  a l  (1 9 8 7 )  show ed t h a t  when m u ta t io n s  in d u c e d  by 
imbalanced dNTP poo ls  were analyzed by DNA-sequencing, the  
m is in c o rp o ra tio n s  were r e la t iv e  to  the  a l te r a t io n s  in  poo l 
s iz e s .
dNTP pool im balance may be produced e x p e rim e n ta lly  in  th re e
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ways: 1 ) by adding an excess o f  a p recu rso r m olecu le and 
a l lo w in g  th e  c e l l s  to  m e ta b o liz e  i t  to  th e  d e s ire d  dNTP 
p ro d u c t; 2 ) by t re a t in g  w ith  c y to to x ic  drugs which a f fe c t  an 
enzyme in  a b io s y n th e t ic  pathway; 3) by u t i l i z i n g  som atic 
c e l l  m utants w ith  a lte re d  syn th e s is  o f  DNA p re cu rso rs . Much 
evidence now e x is ts  to  show th a t  balanced dNTP p recu rso r 
poo ls  a re  necessary fo r  DNA r e p l ic a t io n a l f i d i l i t y  in  v i t r o . 
The fo llo w in g  s e c tio n s  rev iew  these data  and a ls o  the  more 
meagre in  v iv o  da ta .
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Fig. 1.1
Purine (deoxy) ribonucleotide interconversions
dATP
u f  { 4
dADP-<- 
1 5 | | 4
dAMP
t
de novo 
synthesis
AsMP U
GDP
16f 14t
► GA/1P► XMP
► NO
d = deoxy
A « adenine?ADO = adenosine? AMP = adenosine monophosphate? 
ADP = adenosine diphosphate? ATP = adenosine triphospha te?
G = guanine? GUO = guanosine? GMP = guanosine monophosphate? 
GDP = guanosine diphosphate? GTP = guanosine triphospha te?
dGTP 
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INO = in o s in e ; IMP « in o s in e  monophosphate; XMP = xan thos ine  
monophosphate; XNO = xan thos ine ; X = x a n th in e ;
HX zz hypoxanth ine ; AsMP = adeny losucc ina te .
Enzymes «•
1 a adeny losucc ina te  syn the tase ;
2 = adenylosuccinase; 3 = AMP deaminase; 4 = 5 '-n u c le o t id a s e ;
5 = IMP dehydrogenase; 6  = XMP aminase; 7 = GMP deaminase;
8 = adenine phosphoribosy l tra n s fe ra s e ;
9 a hypoxanth ine-guanine phosphoribosy l tra n s fe ra s e ;
1 0 a adenosine deaminase; 1 1  = adenine deaminase;
1 2 a p u rin e  nuc leos ide  phosphory lase; 13 = xan th ine  ox idase ;
14 = guanine deaminase; 15 = (deoxy) adenyla te  k in a se ;
16 a (deoxy) guanyla te  k in a se ; 17 = r ib o n u c le o tid e  reductase
18 a nuc leos ide  diphosphate k in ase .
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Fig. 1.2
Pyrimidine (deoxy) ribonucleotide interconversions
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de novo 
synthesis
d = deoxy
U = u r a c i l ;  URD = u r id in e ;  UMP = u r id in e  monophosphate;
UDP = u r id in e  d iphosphate ; UTP = u r id in e  tr ip h o s p h a te ;
CYD = c y t id in e ;  CMP = c y t id in e  monophosphate;
CTP = c y t id in e  tr ip h o s p h a te ; THY = thym ine; TdR = th ym id in e ; 
TMP = thym id ine  monophosphate; TDP = thym id ine  d iphosphate ; 
TTP = thym id ine  tr ip h o s p h a te .
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Enzymes: 17 = r ib o n u c le o tid e  reduc tase ; 18 = nuc leos ide
diphosphate k in a se ; 19 = 5 ' n u c le o tid a s e ; 20 = UMP k in a se ;
2 1  = (deoxy) u r id in e  k in a se ; 2 2  = u r id in e  phosphorylase;
23 = UTP deaminase; 24 = (deoxy) c y t id y la te  k in a se ;
25 = (deoxy) c y t id in e  k in a se ; 26 (deoxy) c y t id in e  deaminase;
27 = dCTP deaminase; 28 = deo xyu rid ine  tr ip h o s p h a ta s e ;
29 = dCMP deaminase; 30 = th y m id y la te  syn the tase ;
31 -  th y m id y la te  k in ase ; 32 = thym id ine  k in a se ;
33 = thym id ine  phosphorylase.
1 .3 .2 . E f fe c ts  o f  pool imbalances in  v i t r o
One o f  th e  most bas ic  e f fe c ts  o f  a l te r a t io n s  in  p recu rso r 
poo ls  i s  lo s s  o f  v i a b i l i t y .  Cohen & Barner (1954) f i r s t  
showed th a t  d e p r iv a t io n  o f  thym ine induced c e l l  death in  
E .c o l i  and s in ce  then , t h is  'th ym in e le ss  dea th , to g e th e r 
w ith  growth in h ib i t io n  and increases  in  m u ta tions  due to  
la c k  o f  thym ine o r th ym id in e , have been dem onstrated in  many 
p ro k a ry o tic  systems in c lu d in g  bacteriophage T4 (B e rn s te in  
e t  a l , 1972), B a c il lu s  s u b t i l i s  (Farmer & Rothman, 1964), 
S ta p h y lo c o c c u s  au reu s  (M a th ie u  e t  a l  1968) and a ls o  in
34
e u k a ry o te s  such as CHO c e l l s  (L o z z io ,  1 9 6 8 ), HeLa c e l l s  
(Rueckert & M u e lle r , 1960), human lym phoblasts (H ryn iuk & 
B e r t ln o ,  1971) and r a t  hepatoma c e l l s  (M orse & P o t te r ,  
1965).
S im i la r ly ,  excess thym id ine  i s  to x ic  and can b lock  the  c e l l  
c y c le  in  S-phase (Xeros, 1962; Anderson, 1975). Thus i t  has 
long been used as a c e l l  s yn ch ro n is in g  agent (Xeros, 1962; 
Bootsma e t  a l , 1964;Brennand e t a l i g s i ) . The bas is  o f  t h is  
phenomenon is  th a t  h igh  co n c e n tra tio n s  o f  thym id ine  leads to  
h igh  dTTP poo ls  which in  tu rn  in h ib i t  a number o f  enzymes in  
th e  p re c u rs o r  pa thw ays . In  p a r t i c u la r ,  r ib o n u c le o t id e  
reductase i s  in h ib i te d ,  le a d in g  to  a re d u c tio n  in  the  dCTP 
p o o l and so s lo w in g  o r  h a l t in g  DNA s y n th e s is  (M o r r is  & 
F is h e r , 1963; G entry e t  a l , 1965; Moore & H u r lb e r t ,  1966; 
Skoog & B ju r s e l l ,  1974; Meuth e t  a l , 1976; Reynolds e t  a l , 
1979; Ross e t  a l , 1981).
S ince the  dNTP poo ls a re  lin k e d  by re g u la to ry  enzymes and an 
a l te r a t io n  in  one may be expected to  a f fe c t  a n o th e r, i t  i s  
no t s u rp r is in g  th a t  an excess o r d e p le tio n  o f  the  c y to s in e  
o r  p u r in e  dNTP’ s w ou ld  cause s im i la r  e f f e c t s  on c e l l  
v i a b i l i t y  to  those seen w ith  th ym id in e . A d d it io n  o f  h igh  
co n c e n tra tio n s  o f  d e o xycy tid in e  to  c e l l  c u ltu re s  r e s u lts  in  
growth in h ib i t io n  (Ross e t  a l , 1981) as does s ta rv a t io n  fo r  
p u rin e  dNTP's by p u rin e  auxotrophs and a n t im e ta b o lite s  (Lowe 
e t  a l , 1977) and the  a d d it io n  o f  excess pu rin e s  (Hakala & 
T a y lo r ,  1959; Meuth & G reen, 1974b; U llm an  e t  a l , 1978 ,
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1979; Ross e t  a l , 1 9 8 1 ). As w i th  excess  th y m id in e ,  th e  
e f fe c ts  o f  excess p u rin e s  appear to  be the  consequence o f  
in h ib i t io n  o f  r ib o n u c le o tid e  reductase by h igh  le v e ls  o f  the  
a p p ro p r ia te  t r ip h o s p h a te  (R e ic h a rd  e t  a l , 1961; M o r r is  
e t  a l , 1963; Gudas e t  a l , 1978; Ullman e t  a l , 1978, 1979; 
Ross e t  a l , 1981).
P recursor poo l imbalances th a t  a re  in s u f f ic ie n t  to  a f fe c t  
c e l l  v i a b i l i t y  have nonethe less been shown to  cause the  f u l l  
range o f  gross g e n e tic  a b n o rm a lit ie s . F o llo w in g  trea tm en t 
w ith  agents to  induce thym id ine  d e p le t io n , s in g le  and double 
s tra n d  DNA breaks have been de tected  in  p ro k a ry o t ic  systems 
(Reichenbach e t  a l , 1971; Bu ick & H a r r is ,  1975; Perlman & 
Huberman 1977) and chromosome breaks in  p la n t ,  mammalian and 
human c e l ls  (K ih lm an, 1962; Hsu, e t  a l , 1964,b; B o ttu ra  & 
C outinho , 1965; Luchnik e t  a l , 1976; M aier & Schmid, 1976; 
Jenson & N y fo rs , 1979). As a r e s u l t ,  recom binagenesis may 
occur ( L i t t l e ,  1976; G alloway, 1977; Rjanne & Anderson, 1978; 
B a n e r je e  & B e n e d ic t ,  1 9 7 9 ) and  a ls o  chrom osom e lo s s  
(Hannsman, 1974; P a rry  e t  a l , 1979; Kunz e t  a l , 1 9 8 0 b ). 
Th is  has been demonstrated more re c e n t ly  by Ayusawa e t  a l 
(1983a) who found an inc rease  in  DNA fragm ents produced by 
DNA d o u b le -s tra nd  breaks d u rin g  thym id ine  d e p r iv a t io n  and as 
a consequence, an in c rea se  in  recom b ina tiona l even ts .
E x c e s s  dNTP p r e c u r s o r s  have  been r e p o r te d  t o  in d u c e  
chromosome and chrom atid  a b e rra tio n s  in c lu d in g  breaks and 
exchanges in  p r o k a r y o t ic  and e u k a ry o t ic  c e l l  c u l t u r e s
36
(Kihlman e t  a l , 1963; Vang e t  a l  1966; Luchnik e t  a l , 1976; 
Peterson e t  a l , 1978; Peterson & Peterson, 1979; Anderson 
e t  a l , 1981; Ross e t  a l , 1981). More re c e n t ly ,  P e rry  (1983) 
has shown th a t  excess thym id ine  in  the  medium o f  CHO c e l ls  
inc reases  the  inc ide nce  o f  s is te r -c h ro m a tid  exchange, aga in  
p resum ab ly  by re c o m b in a -g e n e s is  f o l lo w in g  DNA s tra n d  
breakage.
Imbalanced p recu rso r poo ls  may a ls o  be m utagenic. Excess 
th y m id in e  i s  m u ta g e n ic  to  b a c te r io p h a g e  T4 (de V r ie s  & 
W a l l a c e ,  1 9 8 2 ;  B e r n s t e i n  £  jt  __a_ 1_, 1 9 7 2 ) ,
Saccharom yces c e r e v is ia e  (B a rc la y ,  1981) and mammalian 
c e l l s  (B ra d le y  & S h a rke y , 1978 ; M euth , 1981; G onca lves  
e t  a l , 1984; Brendel 1985; Phear e t  a l , 1987) and t h is  has 
been shown to  be due to  an increased  dTTPJdCTP r a t io  s in ce  
th e  m u ta g e n ic  e f f e c t s  may be reduced  by s im u lta n e o u s  
a d d it io n  o f  d e o xycy tid in e  (M o rris  & F is h e r , 1963; Meuth, 
1984). S im i la r ly ,  a lte re d  pool b ias  in  som atic c e l l  m utants 
as a consequence o f  le s io n s  in  genes cod ing fo r  s p e c i f ic  
enzym es, le a d s  to  in c re a s e d  le v e ls  o f  p a r t i c u la r  dNTP,s 
w h ich  in  t u r n  s i g n i f i c a n t l y  in c re a s e  th e  spon tan eous  
m u ta t io n  r a te s  (W il l ia m s  & D ra ke , 1977 ; W einberg  e t  a l , 
1981, 1983; A rp a ia ,  e t  a l , 1983; Ayusawa, e t  a l , 1983b; 
T rude l e t  a l , 1984; Sargent & Mathews, 1987). That these 
m u ta t io n s  a re  due to  im b a la n ce d  p o o ls  has been shown by 
m an ip u la tin g  the  pool s iz e s  and thus a l te r in g  the  m uta to r 
phenotype.
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A g a in , th e  o p p o s ite  a l t e r a t io n ,  i . e .  th ym ine  n u c le o t id e  
d e p r iv a t io n  in  bacteriophage T4, E .c o l i  and mammalian c e l ls  
caused by e i t h e r  in c u b a t io n  o f  dTMP s y n th a s e  d e f ic ie n t  
m utants in  media la c k in g  thym ine p recu rso rs  o r trea tm en t 
w ith  drugs th a t  in h ib i t  th y m id y la te  syn thase, induces an 
inc rease  in  m u ta tio n a l events (B ridges e t a l , 1968; Drake & 
G reening, 1970; A eberso ld , 1979; Koyama e t  a l , 1982; Kunz, 
1985; Hoar & D im n ik, 1985).
Under c o n d it io n s  o the rw ise  o p tim a l fo r  grow th , an excess o r 
d e p le t io n  o f  a p a r t i c u la r  dNTP w i l l  t h e r e fo r e  in d u c e  
m u ta tio n . These m u ta tions  have been demonstrated to  be due 
to  m is in c o r p o r a t io n  o f  non -co m p lem en ta ry  dNTP’ s in t o  
re p l ic a t in g  DNA (Weymouth & Loeb, 1978; F e rs h t, 1979). Thus 
the  h igh  dTTPJdCTP r a t io  induced by excess thym ine dNTP's 
leads to  G:C — > AiT t r a n s i t io n  m u ta tion  (Phear e t  a l , 1987) 
w h ile  the  oppos ite  i s  t ru e ,  i . e .  AiT — > G:C t r a n s it io n s  
when the  dCTP pool i s  increased  (Sargent & Mathews, 1987).
A l te re d  dNTP p o o ls  have a ls o  been shown to  f a c i l i t a t e  
in c o r p o r a t io n  o f  a n u c le o t id e  in  excess o p p o s ite  base 
analogues o r a c tu a l ly  promote in c o rp o ra tio n  o f  the  analogue. 
The halogenated thym id ine  analogue, brom odeoxyurid ine (BUdR) 
i s  m utagenic to  c e l ls  in  c u ltu re  (Huberman & H e id e lb e rg e r, 
1972; S ta rk  & L i t t l e f i e l d ,  1974). Excess BUdR w i l l  cause a 
d e p le tio n  in  dCTP poo ls  and compete w ith  c y to s in e  in  DNA 
s y n th e s is  fo r  the p o s it io n  o pp os ite  guanine. C oncurrent 
a d d it io n  o f  dCTP w ith  BUdR has been shown to  reduce t h is
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m u ta g e n ic ity  (D av idson  & Kaufman, 1978, 1979; D av idson  
e t  a l , 1980; Lasken 6c Goodman, 1984). However, i t  has been 
found th a t  BUdR m utagensis i s  no t always c o r re la te d  to  the  
amount o f  BUdR s u b s t itu te d  in  DNA (Aebersold 1976; Davidson 
& Kaufman, 1978) and Hopkins & Goodman (1980) have suggested 
another mechanism, th a t  i s ,  BUdR s u b s t itu te s  d i r e c t ly  fo r  
dTMP o pp os ite  dAMP.
dNTP pool imbalances n o t o n ly  a l t e r  in t r a c e l lu la r  c o n tro ls  
o f  spontaneous m u ta tio n a l ra te s  bu t they  a ls o  a f fe c t  the
c e l ls  s e n s i t i v i t y  to  DNA damaging agents. The prom utagenic
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le s io n  0 -a lk y lg u a n in e  i s  produced by DNA a lk y la t in g  agents 
such as EMS and MNNG (P e te rs o n  & P e te rs o n , 1982; Sega, 
1984) .  T h is  le s io n  can m is -p a ir  w ith  thym ine d u rin g  DNA 
syn th e s is  and the  p r o b a b i l i t y  o f  t h is  m is -p a ir in g  in  CHO 
c e l ls  i s  enhanced by an increased  dTTPJdCTP r a t io  (Peterson 
& P e terson, 1979; Abbot 6c S a f f h i l l ,  1979; Meuth, 1981 a ,b ) 
and th e  m u ta g e n ic  e f f i c ie n c y  o f  EMS i s  reduced  by low  
dTTP:dCTP r a t i o s .  F u r th e r  e v id e n c e  f o r  p re c u rs o r  p o o ls  
in f lu e n c in g  the  e ffe c tiv e n e s s  o f  a lk y la t in g  agents has been 
g iven by Meuth (1983). A hamster m utant c e l l  w ith  increased  
dCTPsdTTP r a t i o  i s  more r e s is t e n t  to  a l k y la t in g  a g e n ts ,  
w h ile  a n o th e r  m u ta n t w ith  a lo w e r dCTPrdTTP r a t i o  i s  
h y p e rs e n s it iv e .
Other e f fe c ts  o f  p recu rso r poo l inmbalance on DNA damaging 
a g e n ts  in c lu d e  a r e d u c t io n  in  th e  m u ta g e n ic ity  o f  UV 
ra d ia t io n  by excess thym id ine  (Gonclaves e t  a l ,1984) and
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h y p e rs e n s it iv i ty  to  b leom ycin by som atic c e l l  m utants w ith  
increased  dATP le v e ls  (Ayusawa e t  a l , 1983b). However, no 
such h y p e rs e n s it iv i ty  to  X -rays was shown by these m utants.
M u ta t io n s  can  be in d u c e d  by d ru g s  w h ic h  b lo c k  dTMP 
b io s y n th e s is  by i n h i b i t i t i n g  th y m id y la te  s y n th a s e  eg . 
f lu o r o d e o x y u r id in e  o r  by p re v e n t in g  th e  renew a l o f  th e  
t e t r a h y d r o fo la te  c o fa c to r  consumed d u r in g  th y m id y la te  
s y n th e s is  eg. m etho trexa te  (Aeberso ld , 1979; Peterson e t  a l , 
1983; Hoar & D im nik, 1985). There fo re  th e re  appears to  be a 
s y n e r g is t ic  e f f e c t  by a l k y la t in g  a g e n ts  and dNTP’ s on 
m u ta g e n e s is  and c y t o t o x ic t y .  C h inese ham ster V79 c e l l s  
tre a te d  w ith  d e o xycy tid in e  o r deoxythym idine increased  MNNG- 
in d u c e d  8 -a z a g u a n in e  r e v e r t a n t  c o lo n ie s  and a ls o  6 -  
th io g u a n in e  and o u a b a in - re v e r ta n t  f re q u e n c ie s  (P e te rs o n  
e t  a l 1985). However t h is  e f fe c t  may depend upon the  m utant 
a l le le  re v e r te d ; dTdR and dCYD may in c re a s e , reduce o r have 
no e f f e c t  a t  a l l  on EMS, MMS, e th y l  n i t r o s o u re a  o r  HAP- 
induced re v e rs io n  (Randozzo e t  a l t 1987).
An added c o m p lic a tio n  i s  th a t ' mutagens may them selves a l t e r  
dNTP le v e ls .  In  E. c o l i , UV ra d ia t io n  e le v a te s  dATP and 
dTTP (Das & Loeb, 1984), in  V79 c e l ls  MNNG, UV ra d ia t io n  and 
m itom ycin C in c rea se  dATP and dTTP le v e ls  (Das e t  a l , 1983) 
and in  CHO c e l ls ,  UV ra d ia t io n  increases dTTP and decreases 
dCTP (Newman 6c M il le r ,  1983 a ,b ) .  However, in  mouse FM3A 
c e l ls ,  n e ith e r  UV ra d ia t io n ,  MNNG o r m itom ycin C has any 
e f fe c t  on dTTP o r dATP le v e ls  (Hyodo e t  a l , 1984).
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T h e re fo re  dNTP p o o l im b a la n c e s  p roduce  a d i v e r s i t y  o f  
in  v i t r o  e f f e c t s  on th e  a c t i v i t y  o f  m utagens, n o t a l l  
adequate ly  e xp la in e d , bu t they  may be due to  a com bination  
o f  a c t io n s  a f f e c t in g  r e p a i r  pa thw ays (C o lin s  & Johnson , 
1981? Meuth, 1984). For example, the  m u ta g e n ic ity  o f  agents 
th a t  promote n u c le o tid e  m is in c o rp o ra tio n  cou ld  be enhanced 
by DNA p recu rso r imbalance which d r iv e s  the  n e x t-n u c le o tid e  
e f f e c t s  o f  DNA p r o o f - r e a d in g  po lym e ra ses  ( F e r s h t ,  1979? 
Kunkel e t  a l , 1981? Phear e t  a l , 1987).
1 .3 .3 . E f fe c ts  o f  pool im balances in  v iv o
In  v ie w  o f  th e  o v e rw h e lm in g  e v id e n c e  t h a t  b a la n c e d  
p recu rso r poo ls  a re  necessary fo r  accu ra te  DNA r e p l ic a t io n  
in  v i t r o , th e re  a re  r e l a t i v e l y  few  d a ta  w i th  in  v iv o  
systems. U n lik e  c e l ls  in  c u ltu re ,  i t  i s  p robab le  th a t  in  
in  v iv o  s i t u a t io n ,  p re c u rs o r  p o o l b a la n ce  w ou ld  be 
m ain ta ined  by feedback mechanisms and the  c o n tro l o f  these 
poo ls  would c o n tr ib u te  to  the  in h e ra n t g e n e tic  s t a b i l i t y  o f  
the  organism . However, i t  i s  p o s s ib le  th a t  mutagens may 
a c t ,  o r  have t h e i r  a c t io n  m e d ia te d  b y , u p s e t t in g  th e s e  
re g u la to ry  mechanisms.
There i s  evidence th a t  u p s e tt in g  the  thym id in e  pool can have
profound g e n e tic  consequences in  v iv o . The enzyme thym id ine
phosphorylase re g u la te s  the  balance o f  the  thym id ine  poo l 
and th e  m a jo r i t y  o f  th y m id in e  p h o s p h o ry la s e  a c t i v i t y  in
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normal human b lood , a m ajor source o f  th ym id in e , i s  lo ca te d  
in  the  p la te le ts  (Shaw & MacPhee, 1986; Bodycote & W o lf f ,
1986). In  a d d it io n  to  ph o sp h o ry la tin g  th ym id in e , p la te le ts  
scavenge a d e n in e  and a d e n o s in e  w h ich  th e y  c o n v e r t  to  
n u c le o tid e s . I t  has been shown th a t  chem ica ls th a t  a f fe c t  
p la te le ts  w i l l  a ls o  a f fe c t  th e  dNTP p recu rso r p o o ls , hence 
p la te le t  a n ta g o n is ts  such as c a f fe in e ,  w i l l  lower thym id ine  
p ro d u c t io n .  C a ffe in e  i s  a ls o  a m utagen a n d  p o t e n t ia l ; 
carc inogen and i t  i s  in fe r re d  th a t  i t  e x e rts  i t s  g e n e tic  
e f fe c ts  by u p s e tt in g  the  p recu rso r poo ls (Shaw e t  a l , 1988).
The ro le  o f  fo la te  m etabolism  in  th y m id y la te  b io s y n th e s is  
may be a v i t a l  fa c to r  in  understand ing  a v a r ie ty  o f  g e n e tic  
even ts . Human c e l ls  cannot m n u fa c tu re  fo la te  which i s  an 
e s s e n t i a l  v i t a m i n  a n d  p r e c u r s o r  o f  
m e th y le n e te tra h y d ro fo la te , the  m ethyl donor in  the  re d u c tio n  
o f  dUMP to  dTMP. F o la te  d e p le t io n  and dTMP d e p le t io n  
produce s im ila r  DNA and chromosome damage and may lead  to  
n e o p la s t ic  t r a n s fo r m a t io n  (Haynes & Kunz, 1 9 8 6 ). In  
a d d it io n ,  d e p le tio n  o f  fo la te s  in  p a t ie n ts  g iven a n t i fo la te s  
as a n t i b i o t i c s ,  has o c c a s io n a l ly  le d  to  an in c re a s e  in  
chromosome damage (Kunz, 1982), p o s s ib ly  due to  a decrease 
in  dTMP. A n t i f o la t e  d ru g s  have a ls o  been shown to  be 
t e r a t o g e n i c ,  as  has h y d r o x y u r e a ,  an i n h i b i t o r  o f  
r ib o n u c le o t id e  re d u c ta s e ,  and th y m id in e  i t s e l f  (T im so n , 
1975; Parkash, 1967, 1971).
P r e c u r s o r  p o o l im b a la n c e  m ay a l s o  h a v e  a r o l e  i n
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ca rc in o g e n e s is . The s tu d y  o f  chromosome im balances and gene 
m apping d a ta  by L u c c io n i e t  a l , (1988) s u g g e s ts  t h a t
n u c le o t id e  m e ta b o lis m  m ig h t be in v o lv e d  in  human c o lo n  
cancers. They showed th a t  chromosome a b n o rm a lit ie s  in  these 
tum our c e l l s  c o r r e la te d  w i th  a l t e r a t io n s  in  s p e c i f i c  
enzymes, namely thym id ine  k inase and th y m id y la te  syn thase, 
both v i t a l  to  the  dNTP b io s y n th e t ic  pathway. In  a d d it io n ,  
o r o t ic  a c id , a p recu rso r o f  p y r im id in e  n u c le o tid e s  has been 
shown to  be an e x c e lle n t  l i v e r  tumour prom otor (Rao e t  a l ,
1987), p robab ly  by in c re a s in g  the  u r id in e  n u c le o tid e  p o o l. 
C o n t in u o u s  i n f u s i o n  o f  t h y m id in e ,  w h ic h  b lo c k s  DNA 
s y n th e s is , causes t o ta l  re g re ss io n  o f  human melanomas and 
lung carcinomas e s ta b lis h e d  in  nude mice (Lee e t  a l , 1979).
Imbalanced p recu rso r poo ls  have been im p lic a te d  in  s e ve ra l 
human g e n e t ic  d is o r d e r s ,  in c lu d in g  B lo o m 's  syndrom e and 
Xeroderma pigmentosum, c h a ra c te r iz e d  by extreme s e n s i t i v i t y  
to  UV r a d ia t io n .  The l a t t e r  a t  le a s t ,  i s  c o r r e la te d  to  
p y r im id in e  m is in c o rp o ra tio n  and e rro r-p ro n e  DNA re p a ir  (T ice  
e t  a l , 1978). Furtherm ore , a number o f  im m unodefic iency 
d is o rd e rs  are  due to  d e p le tio n  o f  s p e c i f ic  enzymes in  the  
DNA p r e c u r s o r  p a th w a y s ,  f o r  e x a m p le ,  n u c le o s id e  
phosphorylase d e fic ie n c y  and n u c le o tid a se  d e f ic ie n c y .
A n o th e r im p o r ta n t  g e n e t ic  d e fe c t  in  v iv o  t h a t  may be 
assoc ia ted  w ith  p re cu rso r pool imbalance i s  the  e x is te n ce  o f  
human f r a g i le  s ite s  in  chromosomes. These are  c h a ra c te r iz e d  
as s p e c i f ic  reg ions  o f  c o n s t r ic t io n s ,  gaps o r breaks and are
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recom binagenic. Rare f r a g i le  s ite s  are considered to  be 
chromosome v a r ia n ts  w ith  no known phenotyp ic  consequence, 
except f o r  the  f r a g i le  X which is  assoc ia ted  w ith  m ental 
re ta rd a t io n .  These chromosome a b e rra tio n s  a re  due to  la te  
o r delayed DNA r e p l ic a t io n  (L a ird  e t  a l , 1987) and i t  has 
been suggested th a t  the  most l i k e l y  mechanisms fo r  t h is  are 
dTTP d e f ic ie n c y  due to  in h ib i t io n  o f  th y m id y la te  syn th e s is  
o r  m is in c o r p o r a t io n  o f  u r i d i n e  i n t o  DNA f o l lo w e d  by 
e x c is io n - re p a ir  (S u the rla nd , 1988; Reidy, 1988). In h ib i to r s  
o f  th y m id y la te  synthase, ie .  f lu o ro d e o x y u r id in e , induce ra re  
fo la te - s e n s i t iv e  f r a g i le  s i t e s ,  the  express ion  o f  which is  
in h ib i te d  by the  thym id ine  analogue BUdR and induced by the  
a n t i f o la te  drug m etho trexa te  (S u therland  1979).
1-4 . AIMS OF THIS RESEARCH
In  l i g h t  o f  a l l  the  in  v i t r o  data a v a ila b le ,  i t  i s  f a i r l y  
c e r ta in  t h a t  DNA p re c u rs o r  p o o l m e ta b o lis m  o c c u p ie s  a 
c e n tra l r o le  in  g e n e tic  s t a b i l i t y .  However, th e re  i s  ve ry  
l i t t l e  in  v iv o  experim enta l evidence to  suppo rt t h is  prem ise 
and i t  has been su g g e s te d  t h a t  under norm a l c o n d i t io n s ,  
in t r a c e l lu la r  le v e ls  o f  dNTP’ s are  s t r in g e n t ly  re g u la te d  so 
as to  maximise g e n e tic  s t a b i l i t y .
<
The purpose o f  the  research  presented he re , was to  determ ine 
i f  dNTP p recu rso r poo ls  cou ld  be e x p e rim e n ta lly  imbalanced 
in  v iv o , and i f  so , to  determ ine what e f fe c ts  t h is  would 
have on v a rio u s  g e n e tic  m arkers.
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C H A P T E R  2
General M aterials  and Methods
2.1  EQUIPMENT
2 .1 .1  F r id g e - fre e z e r t Model 8321; H o tp o in t; 6 -m o n th ly , in -house  
m aintenance.
2 .1 .2  C h e s t- fre e z e r : Bejam; 6 -m o n th ly , in -house  m aintenance.
2 .1 .3  Bench C e n tr ifu g e : Centaur 2 ; M.S.E; S e r ia l No. 1783; in -  
house maintenance.
2 .1 .4  C oo lsp in  C e n tr ifu g e : M.S.E; S e r ia l No. PL1409; 6 -m on th ly  
s e rv ic e  c o n tra c t.
2 .1 .5  M ic ro c e n tr ifu g e s  ( 2 ) : M ic rocen tau r; M .S.E; S e r ia l Nos.
85/2452, 85/2453; 12-m onth ly s e rv ic e  c o n tra c t
2 .1 .6  150 W U ltra s o n ic  d is in te g r a to r : M.S.E; S e r ia l No. PG 362;in- 
house m aintenance.
2 .1 .7  Top-pan ba lance : Model 2 MD; O e r t l in g ;  S e r ia l No.796477; 6 -
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m onth ly s e rv ic e  c o n tra c t.
2 .1 .8  Top-pan ba lance : Model 1212; S a r to r iu s ;  S e r ia l No. 3206148; 
6 -m on th ly  s e rv ic e  c o n tra c t.
2 .1 .9  pH m ete r: Model PHM62; Radiom eter; S e r ia l No. 277210; in -  
house m aintenance.
2 .1 .10  C o u lte r C ounter: Model ZB1: C o u lte r E le c tro n ic s ;  S e r ia l No: 
0073; 6 -m on th ly  s e rv ic e  c o n tra c t.
2 .1 .11  M agnetic s t i r r e r / h o t p la te : Model 300; F isons ; S e r ia l No.
5A 0437.
2 .1 .12  V ortex Genie M ix e r: S c ie n t i f ic  In d u s tr ie s  (G .R . I . ) ;  S e r ia l 
No. 20327.
2 .1 .1 3  M icrow ave Oven: Model ER 344ET; T o s h ib a ; S e r ia l  No. 
4X800116; in -house m aintenance.
2 .1 .1 4  9 - D iq i t  C o u n te rs  ( 2 ) : C la y  Adams; S e r ia l  Nos. 63707, 
48674.
2 .1 .15  S pectrophotom eter: Model CE5995; C e c il;  S e r ia l No. 38186; 
6 -m on th ly  s e rv ic e  c o n tra c t.
2 .1 .1 6  Video d e n s itom e te r: Model 620; B io-Rad; Connected to  a 
P anason ic  p r in t e r ,  KX-P1081 v ia  a Z e n ith  d a ta  system
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in te g ra to r .
2 .1 .1 7  V e r t ic a l g e l e le c tro p h o re s is  system : Protean 11; B io-Rad; 
S e r ia l No. 97BR 4603; in -house  maintenance.
2 .1 .1 8  Pow er-supply: Model AE 3105; A lto  (G .R .I) ;  S e r ia l No. 
85006; in -house  maintenance.
2 .1 .1 9  H igh-perform ance l iq u id  chromatography System see ove r.
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Fig. 2.1 Applied Chromatography Systems HPLC
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2 .1 .2 0  A d ju s ta b le  r e p l ic a t in g  p ip e t te s :
Volume Ranqe P ip e tte
1-5 ; j l Pipetman P5000
2 - 2 0  p i Pipetman P20
5-50 p i Pipetman P50
10-50 p i O xford (green)
50-200 p i O xford (red )
2 0 0 - 1 0 0 0  p i O xford (b lue )
Pipetman p ip e t te s ,  w ith  t ip s  : Anachem.
Oxford p ip e t te s ,  w ith  t ip s  ; B .C .L.
2 .1 .21  S o lid  d isp lacem ent m ic ro p ip e tte s
Volume Range P ip e tte
1-5 p i  PDM 8005 -  B.C.L
10-50 p i  PDM 80050 -  B.C.L
2 .1 .22  Water P u r i f ic a t io n  System: E lga ; in -house  m aintenance.
2 .1 .23  CO2  In c u b a to r ; Flow L a b o ra to rie s ; S e r ia l No. 77073157;
in -house  m aintenance, d a i ly ,  weekly and every 3  months.
2 .1 .24  Autom atic COo c y lin d e r  change-over u n i t : Flow 
L a b o ra to r ie s ; S e r ia l No. 6765C/9/83.
2 .1 .25  C la ss  I I  Lam inar a i r  f lo w  c a b in e t ;  C la s s  100 ; F low
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L a b o r a to r ie s ;  S e r ia l  N o .75433; in -h o u s e  m a in ten ance  
be fo re  and a f te r  use, weekly and c o n tra c t s e rv ic e  
y e a r ly .
2 .2  MICROSCOPY
2 .2 .1  M icroscopes
M icroscope -  Ze iss (Jena) (x lO ) 1976 S e r ia l No. 618727 
+ O b je c tiv e s :
X 4.7 G + S S e r ia l No. A64684
X 6.3 Ze iss S e r ia l No. 897410
X 16 Ze iss S e r ia l No. 897731
X 40 Ze iss S e r ia l No. 897941
X 1 0 0 Ze iss S e r ia l No. 898359
-  in -house  maintenance.
M icroscope -  G i l l e t t  and S ib e r t  (xlO ) 1973 S e r ia l No. 
9778 (body), B15963 (head)
+ O b je c tive s
x 6 .3  Ze iss  S e r ia l No. 972954
x 16 Ze iss  S e r ia l No. 816021
x 40 G + S S e r ia l No. 41140
x 100 G + S S e r ia l No. 45330
-  in -house  maintenance
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2 .2 .2  S lid e s , e tc .
S lid e s : pre-washed m icroscope s l id e s ,  ground edges, tw in -  
fro s te d  one-end, 76x26x1 .0 /1 .2  mm. th ic k .  H.V.Skan L td . ,  
S o l ih u l l ,  West M id lands.
C o v e rs l ip s :  m ic ro s c o p ic a l c o v e r -g la s s e s ,  50x22 mm. 
Western Labora to ry  S e rv ice s , A ld e rs h o t, Hants.
F ix a t iv e :  D.P.X. Mounting Medium, Raymond A. Lamb, Waxes 
and General Labora to ry  S u p p lie s , London.
Immersion o i l :  Watson M icroscopy D iv is io n ,  B a rne t, H e rts .
2 .2 .3  S ta in s  and s ta in in g  procedures
2 .2 .3 .1  1% Eosin Y s o lu t io n  fo r  the  s ta in in g  o f  sperm
smears.
Chem icals: Eosin Y
BDH Chemicals L td ,
E a s tle ig h ,
H ants.
In d u s t r ia l  M ethy la ted  S p i r i t ,
In frakem  L t d . ,
S tand ish , Wigan.
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Procedure:
2 . 2 .3 . 2
Chemicals:
D is s o lv e  5 g E o s in  Y in  500 ml d e io n iz e d  
w a te r. F i l t e r  (whatman No. 1 f i l t e r  paper) 
and s to re  a t  room tem pera tu re . Put rack  o f  
s l id e s  o f  sperm smears in  a s t a in in g  d is h  
c o n ta in in g  1% Eosin Y s o lu t io n  fo r  5 m inu tes. 
Rinse b r ie f ly  in  70% IMS and a llo w  to  a i r - d r y .  
Mount c o v e rs lip s  w ith  D.P.X.
M a y -G ru n w a ld  and G iem sa s t a in s  f o r  th e  
s ta in in g  o f  bone-marrow smears.
May-Grunwald s ta in  
BDH Chemicals L td . ,
E a s tle ig h  
H ants.
Giemsa s ta in
BDH Chemicals L td . ,
E a s tle ig h  
Hants.
Gurrs b u f fe r  ta b le ts ,  pH 6 . 8  
BDH Chemicals L td . ,
E a s tle ig h  
Hants.
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Methanol
FSA Labo ra to ry  S u pp lies ,
Loughborough,
L e ics .
Procedure: B u ffe r :  d is s o lv e  1 b u f fe r  ta b le t  in  1 l i t r e
de ion ized  w a te r.
May-Grunwald S ta in : 175 m is s ta in  p lu s  175 mis 
b u f fe r .
G iem sa s t a i n :  35 m is  s t a in  p lu s  315 m is  
b u f fe r .
Put rack o f  s l id e s  o f  bonemarrow smears in  a 
s t a in in g  d is h  c o n ta in in g  m e th ano l f o r  2 0  
m in u te s , th e n  M ay-G runwald f o r  5 m in u te s , 
Giemsa fo r  10 m inutes and f i n a l l y  b u f fe r  fo r
2 -5  m in u te s . A l lo w  to  a i r - d r y  and m ount 
c o v e rs lip s  w ith  D.P.X.
2 .3 . SOLUTIONS
2 .3 .1 . Phosphate b u ffe re d  s a lin e  (P .B .S .) pH 7.3
Chemicals: Phosphate b u ffe re d  s a lin e
(Dulbecco ' A' )  ta b le ts ,
Oxoid L td ,
Basingstoke , Hants.
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Method: Dissolve 5 P.B.S. tablets in 500 mis
de ion ized  w a te r. A u toc lave  a t  15 p . s . i .
f o r  2 0  m i n u t e s .  S t o r e  a t  r o o m
te m p e ra tu r e  u n t i l  ope ned  and a t  4°C  
th e r e a f te r .
2 .3 .2  Is o to n
A z id e -fre e  balanced e le c t r o ly te  s o lu t io n  fo r  use w ith  the
C o u lte r c e l l  coun ting  appara tus.
O btained as i s  from :
C o u lte r E le c tro n ic s  L td . ,
Lu ton , Beds.
2 .3 .3  HPLC B u ffe r .
Chem icals: Potassium dihydrogen
orthophosphate , KH2 PO4  
BDH Chemicals 
E a s tle ig h , Hants.
M ethanol, HPLC Grade 
Rathburn Chemicals L td . ,
W alkerburn, S co tland .
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Phosphoric a c id  
BDH Chemicals L td . ,  
E a s tle ig h , Hants.
Method: D isso lve  0.340 g KH2 PO4  in  900 mis double
g lass  d i s t i l l e d  w a te r, add 25 m is methanol 
and make up to  1 0 0 0  m is w ith  double g lass  
d i s t i l l e d  w a te r. A d ju s t pH to  3 .0  w ith  
phosphoric  a c id . Use im m ed ia te ly .
2 .3 .4  Sodium deoxychola te  s o lu t io n  -  ly s is  b u f fe r  fo r  sperm 
membrane p ro te in  e x t ra c t io n .
Chemicals: Sodium deoxycholate
FSA Lab o ra to ry  S u pp lies ,
Loughborough, L e ics .
Iodoacetam ide 
Sigma Chemicals L td . ,
Poole , D o rse t.
Phenyl m ethyl su lphony l f lu o r id e  
(PMSF)
Sigma Chemicals L td . ,
P oole , D o rse t.
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Is o -p ro p y l a lc o h o l 
FSA Lab o ra to ry  S u pp lies , 
Loughborough, L e ics .
Method: 0 .5  M Io d o a c e ta m id e  s to c k  s o l u t i o n ;
D isso lve  945 mg iodoacetam ide in  10 mis 
de ion ized  w a te r.
0 .1  M PMSF s to ck  s o lu t io n :  D isso lve  174 mg 
PMSF in  10 m is is o -p ro p y l a lc o h o l.
L y s is  b u f f e r :  D is s o lv e  200 mg s o d iu m  
deoxychola te  in  50 m is phosphate b u ffe re d  
s a l in e .  Add 0 .5  ml iodoacetam ide s to ck  
s o lu t io n  and 0 .2  mis PMSF s to ck  s o lu t io n .
S to re  a t  room tem pera ture and warm g e n tly
be fo re  use.
2 .3 .5  Bovine Serum Albumin s to ck  s o lu t io n  fo r  use as a s tandard  
in  sperm p ro te in  d e te rm in a tio n s .
Chemicals: Bovine Serum Albumin (B .S .A .)
Sigma Chemicals L td . ,
Poole , D o rse t.
Method: D isso lve  64 mg B.S.A in  100 mis de ion ized
w ater (640 ^ ig /m l) .  Use im m ed ia te ly .
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2 .3 .6  30% B is -a c ry la m id e  s o lu t io n  fo r  e le c tro p h o re s is  g e ls .
Chemicals; Acrylam ide
N a tio n a l D ia g n o s tic s ,
New Je rsey , USA.
N’ N1 M ethy leneb isacry lam ide  (B is )
N a tio n a l D ia g n o s tics ,
New Je rsey , USA.
A m b e rlite  MB-1 c a t io n /a n io n  
exchange re s in  
Sigma Chemicals L td . ,
Poole , D o rse t.
Method; D isso lve  150 g acry lam ide  and 4 .3  g B is  in
500 m is de ion ized  w a te r. S t i r  w ith  10 g 
A m b e r l i t e  f o r  30 m in u te s  and f i l t e r  
through m us lin  and Whatman No. 4 f i l t e r
paper. De-gas by connecting  to  a vacuum
pump fo r  app rox im a te ly  30 m inu tes. S to re  
a t  4°C.
2 .3 .7  15% Ammonium persu lpha te  s o lu t io n  fo r  use as a c a ta ly s t
in  e le c tro p h o re s is  g e ls .
Chemicals; Ammonium persu lpha te
Sigma Chemicals L td . ,  P oo le , D o rse t.
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Method: D isso lve  0.75 g ammonium pe rsu lpha te  in  5 
mis de ion ized  w a te r. S to re  a t  4°C.
2 .3 .8  Sample B u ffe r  s tock  s o lu t io n  fo r  e le c tro p h o re s is  (x 2 
c o n c e n tra tio n )
Chemicals: T r is  (hydroxym ethy l) aminomethane
Sigma Chemicals L td . ,
Poole , D o rse t.
H y d ro c h lo r ic  a c id
FSA Lab o ra to ry  S u pp lies ,
Loughborough, L e ic s .
Sodium dodecy lsu lpha te  (SDS)
Sigma Chemicals L td . ,
Poole , D o rse t.
G lyce ro l
FSA Labo ra to ry  S u p p lie s ,
Loughborough, L e ics .
Bromophenol b lue
FSA Lab o ra to ry  S u p p lie s ,
Loughborough, L e ics .
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Method:
p  m ercaptoethanol 
Sigma Chemicals L t d . ,
Poole , D o rse t.
Tris/HCL s tock  s o lu t io n :  D isso lve  30.28 g 
T r is  in  400 m is de ion ized  w a te r. A d ju s t 
pH to  6 .8  w ith  concen tra ted  HCL and make 
up to  500 m is w ith  de ion ized  w a te r. S to re  
a t  room tem pera tu re .
10% SDS s tock  s o lu t io n :  D isso lve  50 g
SDS in  500 m is de ion ized  w a te r. S to re  a t  
room tem pera tu re .
0.1% Bromophenol b lu e : D isso lve  500 mg
b ro m o p h e n o l b lu e  in  50 m is  d e io n iz e d  
w a t e r .  S t o r e  i n  t h e  d a r k  a t  ro o m  
tem pera tu re .
87% G ly c e ro l:  435 mis g ly c e ro l,  made up to  
500 m is w ith  de ion ized  w a te r. S to re  a t  
room tem pera tu re .
Sample b u f fe r :
25 m is Tris/HCL 
20 mis 87% g ly c e ro l 
40 m is 10% SDS
2 mis 0.1% bromophenol b lue
3 m is de ion ized  w a te r.
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Reduced sample b u f fe r :
900 p i  sample b u f fe r  
100 p i  p  m ercap toe thano l.
2 .3 .9  Running B u ffe r  s tock  s o lu t io n  fo r  e le c tro p h o re s is  (x 10 
c o n c e n tra tio n )
Chemicals: T r is  (hydroxyaethyl) aminomethane
Sigma Chemicals L td . ,
Poole , D o rse t.
G lyc ine
Sigma Chemicals L td . ,
Poole, D o rse t.
Sodium deodecylsu lphate  (SDS)
Sigma Chemicals L td . ,
Poole, D o rse t.
Method: Dissolv/e 30 g T r is  and 144.3 g g ly c in e  in  
100 m is 10 % SDS (see 2 .3 .8 )
When d i lu te d  1 in  10, check pH (8 .3 -8 .5 ) .  
S to re  a t  room tem pera ture .
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2 .3 .10  Lower Gel B u ffe r  s to ck  s o lu t io n  fo r  e le c tro p h o re s is  (x 
4 c o n c e n tra tio n )
Chemicals: T r is  (hydroxym ethy l) aminomethane
Sigma Chemicals L td . ,
Poole , D o rse t.
Sodium dodecy lsu lpha te  (SDS)
Sigma Chemicals L td . ,
Poole , D o rse t.
H y d ro c h lo r ic  a c id  
FSA Labo ra to ry  S upp lies  
Loughborough, L e ics .
Method: D is s o lv e  9 0 .8 6  g T r is  in  20 m is  10% SDS 
(see 2 .3 .8 ) ,  and 400 mis de ion ized  w a te r. 
A d ju s t pH to  8 .8  w ith  h y d ro c h lo r ic  a c id  
and make up to  500 m is  w i th  d e io n iz e d  
w a te r. S to re  a t  room tem pera tu re .
2 .3 .1 1 . Upper Gel B u ffe r  s tock  s o lu t io n  fo r  e le c tro p h o re s is  (x 4 
c o n c e n tra tio n )
Chemicals: T r is  (hydroxym ethy l) aminomethane
Sigma Chemicals L td . ,
Poole , D o rse t.
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Sodium dodecy lsu lpha te  (SDS) 
Sigma Chemicals L td . ,
Poole , D o rse t.
H y d ro c h lo r ic  a c id  
FSA Lab o ra to ry  S upp lies  
Loughborough, L e ics .
Method: D is s o lv e  30 .2 9  g T r is  in  20 m is  10% SDS
(see 2 .3 .8 )  and 400 m is de ion ized  w a te r. 
A d ju s t pH to  6 .8  w ith  h y d ro c h lo r ic  a c id  
and make up to  500 m is  w i th  d e io n iz e d  
w a te r. S to re  a t  room tem pertu re .
2 .3 .12  C o m a s s ie  B lu e  p r o t e i n  s t a i n i n g  s o l u t i o n  f o r  
e le c tro p h o re s is  g e ls .
Chemicals: B r i l l i a n t  Comassie Blue
Sigma Chemicals L td . ,
Poole , D o rse t.
Methanol
FSA Labo ra to ry  S upp lies  
Loughborough, L e ics .
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G la c ia l A c e tic  A c id  
FSA Lab o ra to ry  S upp lies  
Loughborough, L e ic s .
Method! D is s o lv e  2 g com assie  b lu e  in  100 m is
m ethanol. F i l t e r ,  (Whatman No. 1 f i l t e r  
paper) and add 350 m is methanol p lu s  100 
mis g la c ia l  a c e t ic  a c id . Make up to  1000 
mis w ith  de ion ized  w a te r. S to re  in  dark 
b o t t le s  a t  room tem pera ture .
2 .3 .1 3  Washing s o lu t io n  fo r  e le c tro p h o re s is  g e ls .
Chemicals! E thanol
FSA Lab o ra to ry  S u pp lies ,
Loughborough, L e ics .
Method! Measure 100 m is  e th a n o l and make up to
1000 m is  w i t h  d e io n iz e d  w a te r .  Use
im m ed ia te ly .
2 .3 .14  D e s ta in in g  s o lu t io n  fo r  e le c tro p h o re s is  g e ls .
Chemicals! Methanol
FSA Lab o ra to ry  S u p p lie s ,
Loughborough, L e ics .
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G la c ia l A c e tic  Acid  
FSA Lab o ra to ry  S u pp lies ,
Loughborough, L e ics .
Method: To 480 m is  d e io n iz e d  w a te r add 70 m is
g la c ia l  a c e t ic  a c id  and make up to  1000 
mis w ith  m ethanol. Use im m ed ia te ly .
2 .3 .15  0.1% s i lv e r  n i t r a te  s o lu t io n  fo r  the  permanent s ta in in g  
o f  e le c tro p h o re s is  g e ls .
Chemicals: S i lv e r  n i t r a te
Sigma Chemicals L td . ,
Poole, D o rse t.
Method: D isso lve  1 g s i l v e r  n i t r a te  in  1000 m is
de ion ized  w a te r. Use im m ed ia te ly .
2 .3 .1 6  Developing s o lu t io n  fo r  deve lop ing  the  s i lv e r  s ta in in g  o f  
e le c tro p h o re s is  g e ls .
Chemicals: Sodium carbonate
Sigma Chemicals L td . ,
Poole , D o rse t.
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38% Formaldehyde
FSA Lab o ra to ry  S upp lies
Loughborough, L e ic s .
Method: D isso lve  32 g sodium carbonate in  900 mis 
d e i o n i z e d  w a t e r .  A d d  0 . 5  m l 38% 
form aldehyde and make up to  1000 m is w ith  
de ion ized  w a te r. Use im m ed ia te ly .
2 .3 .1 7  S topp ing s o lu t io n  fo r  s topp ing  the  development o f  s i lv e r  
s ta in in g  o f  e le c tro p h o re s is  g e ls .
Chemicals: G la c ia l A c e tic  Acid
FSA Lab o ra to ry  S u pp lies ,
Loughborough, L e ics .
Method: Measure 10 m is  g la c ia l  a c e t ic  a c id  and 
make up to  1000 mis w ith  de ion ized  w a te r. 
Use im m ed ia te ly .
2 .3 .18  F a rm e rs ' R educing s o lu t io n  f o r  r e - c y c l in g  th e  s i l v e r  
s ta in in g  o f  e le c tro p h o re s is  g e ls .
Chemicals: Sodium th io s u lp h a te
Sigma Chemicals L td . , 
Poole , D o rse t.
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Potassium fe r r ic y a n id e  
Sigma Chemicals L td . ,  
Poole , D o rse t.
2 .3 .1 9
Method: Dissolve 16 g sodium thiosulphate and 10 g
p o ta s s iu m  f e r r i c y a n id e  in  1000 m is  
de ion ized  w a te r. Use im m ed ia te ly .
P rese rv ing  s o lu t io n  fo r  p re se rv in g  e le c tro p h o re s is  g e ls .
Chemicals: G lyce ro l
FSA Labo ra to ry  S u p p lie s ,
Loughborough, L e ics .
Method: Measure 50 m is  g ly c e r o l  and make up to  
1000 m is w ith  de ion ized  w a te r.
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2 .4  CHEMICALS, MEDIA AND STANDARDS
2 .4 .1  Chemicals
The f o l l o w in g  c h e m ic a ls  w e re  o b ta in e d  f ro m  S igm a 
Chemicals L td , Poole , D o rse t:
Bases: a d e n in e , c y to s in e ,  g u a n in e , h y p o x a n th in e ,
thym ine, u r a c i l ,  xa n th in e .
N ucleosides: a d e n o s in e ,  c y t i d i n e ,  d e o x y c y t id in e ,
guanosine, in o s in e , th ym id in e , u r id in e ,  
xan thos ine .
O thers: A r g in in e ,  c y c lo p h o s p h a m id e , b iz b e n z im id e ,
b ro m o d e o x y u r id in e , c o lc e m id , e th y lm e th a n e  
su lphonate .
L -  g lu tam ine  and p e n ic i l l i n  /  s trep tom yc in  s o lu t io n ,  
were o b ta in e d  fro m  G ibco (E u rope ) L t d . ,  U x b r id g e , 
M idd lesex.
Phytohaem agglu tin in  (PHA-R) was ob ta ined  from  Wellcome 
D ia g n o s tic s , D a r t fo rd , Kent.
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2.4.2. Media
F oe ta l C a lf  Serum was ob ta ined  from Gibco (Europe) L td . ,  
U xbridge, M idd lesex.
Eagles M inim al E s s e n tia l Medium (EMEM) was ob ta ined  from 
Flow L a b o ra to rie s , Rickmansworth, H e r t fo rd s h ire .
2 .4 .3 . Standards
SDS Gel E le c tro p h o re s is  Standards were ob ta ined  from  B io - 
Rad L a b o ra to rie s  L td . ,  W atfo rd , H e rts , in  50% g ly c e ro l 
and 0.5M NaCl a t  a c o n c e n tra tio n  o f  2 mg o f  each p ro te in  
per ml and had the  fo llo w in g  com pos ition :
P ro te in M o lecu la r W eight 
(D a ltons)
Lysozyme 14,400
Soyabean t r y p s in  in h ib i t o r 21,500
Carbonic anhydrase 31,000
Ovalbumin 45,000
Bovine Serum album in 66,200
Phosphorylase j3 92,500
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2.5 ANIMALS
2 .5 .1  Mice
M ice were ob ta ined  from  S p e c ifie d  -  Pathogen -  Free 
c o lo n ie s .
CD-I s t r a in  from  C harles R iv e r, Maraton Road, M argate, 
Kent.
MF1 s t r a in  from  H arlan Olac L td . ,  B ic e s te r ,  Oxon.
2 .5 .2  Rats
R a ts  were ob ta ined  from  S p e c ifie d  -  Pathogen -  Free 
c o lo n ie s .
CD (SD) s t r a in  from  C harles R iv e r, Manston Road, M argate, 
Kent.
Osborne-Mendel s t r a in  from  H arlan Olac L td . ,  B ic e s te r ,  
Oxon.
A l l  a n im a ls  were a c c l im a t iz e d  to  th e  e x p e r im e n ta l 
c o n d it io n s  fo r  a t  le a s t  one week, d u r in g  which tim e  they  
were observed fo r  s ig n s  o f  i l l - h e a l t h .  The an im a ls  were
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then randomly d is t r ib u te d  in to  th e ir  a p p ro p ria te  group 
and each was g iven  a unique id e n t i f ic a t io n  number, us ing  
an ear-punch code which represen ted  i t s  number in  the 
experim ent.
2 .5 .3  Housing
The mice were housed s in g ly  and the  ra ts  in  groups o f  4 
o r 5 , in  po lyp ropy lene  cages w ith  s ta in le s s  s te e l tops 
and g r id  f lo o r s  suspended o v e r paper to  c o l l e c t  th e  
e x c re ta . The anim als were housed in  rooms c o n tro lle d  to  
the  fo llo w in g  c o n d it io n s :
tem pera ture : 
r e la t iv e  h u m id ity : 
l i g h t
-  a i r  changes:
20-25°C 
45-75% 
a r t i f i c ia l  
12 h r l i g h t  
(0600-1800 h r GMT) 
12 h r dark 
(1800-0600 h r GMT) 
Minimum o f  1 5 /h r 
w ith  no 
r e c ir c u la t io n
Each cage was i d e n t i f i e d  w i th  th e  e x p e r im e n t code , 
s ta r t in g  date o f  the  s tu d y , tre a tm e n t, id e n t i f ic a t io n  
numbers and sex o f  th e  a n im a ls  and th e  name o f  th e  
experim enter and Home O ff ic e  L icensee.
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2.5.4 Diet
The d ie t  used fo r  a l l  experim ents was Rat and Mouse No. 1 
(S p e c ia l D ie t  S e rv ic e s  L t d . ,  W itham , E s s e x ). Each 
p r o d u c t io n  b a tc h  o f  t h i s  d i e t  i s  p r o v id e d  w i t h  a 
m anu fac tu re rs ' a n a ly s is  f o r  n u t r i t io n a l  components and 
con tam inan ts .
2 .5 .5  Water
Each cage o f  an im als was su p p lie d  w ith  dom estic mains tap  
w a te r. Samples o f  t h is  w ater taken from  the  f a c i l i t y  a t  
app rox im a te ly  6 m onth ly in te r v a ls  a re  ana lysed by the  
su p p ly in g  a u th o r i ty .  The w ater was p rov ided  to  each cage 
in  a g la s s  o r  p la s t i c  b o t t le  f i l l e d  w i th  a n o n -d r ip  
v a lve .
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C H A P T E R  3
In i t ia l  studies on DNA precursors
3 .1  INTRODUCTION
The r e p l ic a t io n  o f  DNA re q u ire s  a con tinuous supp ly  o f  
the  fo u r  deoxyribonuc leos ide  tr ip h o sp h a te s  (dN TP 's). 
In  mammalian c e l l s  th e  dNTP's a re  g e n e r a l ly  fo rm ed 
through the  re d u c tio n  o f  r ib o n u c le o tid e  d iphosphates to  
the  correspond ing  deoxyribonuc leos ide  d iphosphates by 
r ib o n u c le o tid e  reductase (Moore and H u r lb e r t ,  1966) and 
then p h o spho ry la tion  o f  the  diphosphates to  the  dNTPs. 
The s y n t h e s is  o f  dTTP h o w e v e r ,  i s  som ew hat m ore 
com plica ted  s in ce  i t s  b io s y n th e t ic  pathway i s  lo nge r 
and re q u ire s  a g re a te r expe nd itu re  o f  energy than th a t  
o f  th e  o th e r  dN TPs, i t s  s y n t h e s is  in v o lv e s  th e  
p ro d u c tio n  o f  dUTP, ano ther p o s s ib le  DNA p recu rso r and 
i t  i s  c o u p le d  by v a r io u s  in te r c o n v e rs io n s  to  th e  
p y r im id in e  dNTP,.dCTP. F in a l ly ,  th e  sa lvage pathway 
p rov id es  a d ir e c t  ro u te  fo r  dTTP s y n th e s is  ( fo r  d e ta i ls  
see C hap te r 1 ) .  A lth o u g h  im b a la n ce s  in  any o f  th e  
p recu rso rs  have been shown to  cause m utagenic e ve n ts , 
th e  e f f e c t  o f  a l t e r a t io n s  in  th e  th y m id in e  p o o l in  
mammalian c e l l s  has been th e  s u b je c t  o f  p a r t i c u la r
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in te r e s t  due in  p a r t  to  the  more complex s y n th e s is  o f  
t h i s  n u c le o s id e  and a ls o  to  i t s  use  as  a c e l l  
s y n c h ro n is in g  a g e n t (X e ro s , 1962) and th e  use o f  
t r i t i a t e d  thym id ine  as a la b e l in  DNA s y n th e s is .
A c c u r a t e  r e p l i c a t i o n  o f  DNA a l s o  r e q u i r e s
u n in te r r u p te d ,  c o o rd in a te d ,  de novo s y n th e s is  o f
p ro te in .  In  g e n e ra l, a l l  animal DNAs and RNAs occur
in  v iv o  in  c lo se  a s s o c ia tio n  w ith  p ro te in .  Of s p e c ia l
in t e r e s t  a re  th e  h is to n e s ,  a f a m i ly  o f  e x c e e d in g ly
h e te ro g e n o u s ,  b a s ic  p r o t e in s  o f  r e l a t i v e l y  lo w
m o lecu la r w e igh t th a t  appear to  be s tro n g ly  complexed
to  DNA. DNA com plexed in  t h i s  manner i s  known as
chrom atin . H is tones com prise f iv e  m o lecu les, H I, H2a,
H2b, H3 and H4. H I h is to n e  i s  v e ry  r i c h  in  ly s in e
w h ile  H2a and 2b are  s l i g h t l y  ly s in e  -  r ic h  and H3 and
H4 a re  r ic h  in  a r g in in e .  The fu n d a m e n ta l u n i t  o f
o rg a n is a tio n  o f  ch rom atin  i s  the  nucleosome in  which a
le n g th  o f  DNA duplex o f  app ro x im a te ly  140 base p a irs  is
wound tw ic e  a round  a p r o te in  c o re  composed o f  two
m olecu les each o f  H2a, H2b, H3 and H4. Each nucleosome
is  jo in e d  to  the  next by a DNA spacer o f  approx. 100
base  p a i r s .  The H I h is t o n e  has th e  f u n c t io n  o f
s ta b i l iz in g  the  s u p e rc o ilin g  o f  the  DNA between the
nuc leosom es, p u l l i n g  them to g e th e r  in t o  a f i b r e  o f  
0
approx. 100A which then form s a h igh  o rde r h e l ix  o f  
o
approx. 250 A. The h is to n e s  remain assoc ia ted  w ith  the  
DNA d u r in g  r e p l i c a t io n  a t  w h ich  t im e  a l l  th e  p re ­
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e x is t in g  h is to n e  m olecu les are  re ta in e d  on one o f  the  
d a u g h te r d u p le xe s  w h i le  new h is to n e  m o le c u le s  a re  
syn thes ized  on the  o th e r .
DNA s y n th e s is  occurs d u rin g  S-phase o f the  c e l l  c y c le  
w h ich  i s  p a r t  o f  in te r p h a s e ,  th e  in t e r v a l  between 
successive  m ito t ic  d iv is io n s  o f  som atic c e l ls .  M ito s is  
i t s e l f  b e g in s  by a p ro g re s s iv e  c o n d e n s a tio n  o f  th e  
c h r o m a t in  -  p ro p h a s e ,  a t  th e  end o f  w h ic h  th e  
chromosomes are  m axim a lly  condensed and s p l i t  in to  two 
c h r o m a t id s .  M e ta p h a s e  f o l l o w s  when th e  n u c le a r  
e n ve lo p e  d is a p p e a rs , and each chromosome becomes 
arranged w ith  i t s  centrom ere towards the  c e n tre  o f  the  
s p in d le  e q u a to r ia l  p la n e  w ith  i t s  arms r a d ia t in g  
towards the  p e r ip h e ry . The next stage i s  anaphase when 
th e  c e n tro m e re s  s p l i t  t o  fo rm  d a u g h te r chromosomes 
which are  subsequently  p u lle d  a p a rt and then te lophase 
when the  two separated groups o f  chromosomes c lu s te r  a t  
the  p o le s , the  s p in d le  d isappears and a new nuc lea r 
envelope forms to  enclose each chromosome group. A t 
t h i s  p o i n t ,  th e  n u c le o lu s  w h ic h  d w in d le s  d u r in g  
prophase is  q u ic k ly  re fo rm ed, a s ig n  th a t  the  nucleus 
i s  once aga in m e ta b o lic a lly  a c t iv e .  A t the  same tim e  
the  metaphase c o n tra c t io n  o f  the  chromosomes begins to  
re la x  and they  re v e r t  to  the  f in e ly  spun-out c o n d it io n  
o f  the  n o n -d iv id in g  n u c le i.
The chromosome condensation th a t  occurs d u rin g  prophase
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i s  r e la te d  to  c y c l i c  c h e m ic a l m o d i f ic a t io n  o f  i t s  
h is to n e s . Both th e  a rg in in e  -  r ic h  and the  ly s in e  -  
r ic h  h is to n e s  are  assoc ia ted  w ith  the  DNA as a r e s u lt  
o f  io n ic  lin ka g e s  w ith  the  a n io n ic  phosphate groups o f  
DNA. However, th e re  i s  a fundamental d if fe re n c e  in  the 
way th a t  they  combine. L i t ta u  e ta l (1965) showed th a t  
th e  rem ova l o f  th e  ly s in e  -  r i c h  H I h is to n e  from  
condensed c h ro m a tin  caused i t  to  d is s o c ia te  in t o  a 
d i f fu s e  network o f  f i b r i l s  and subsequent re s to ra t io n  
o f  HI produced clumps o f  condensed ch rom a tin . Removal 
and a d d it io n  o f  H3 and H4, the  a rg in in e  -  r ic h  h is to n e  
d id  no t cause these changes. In  in te rp h a s e -n u c le i, 
some chrom atin  i s  dense and some d i f fu s e ,  and these 
workers suggested th a t  the  dense chrom atin  i s  due to  
the  predominance o f  c ross  -  lin k a g e s  o f  th e  ly s in e  -  
r ic h  h is to n e s  w ith  the  phosphoric  a c id  groups o f  DNA, 
w h ile  d i f fu s e  chrom atin  i s  a r e s u lt  o f  a predominance 
o f  a r g in in e  -  r i c h  h is to n e s  c o m b in in g  w i t h  th e  
phosphoric  a c id  groups a long the  double h e l ix .  Dense 
c h ro m a tin  i s  m e ta b o l ic a l ly  i n e r t  com pared to  th e  
d if fu s e  chrom atin  o f  n u c le i d u rin g  DNA s y n th e s is  (Hay 
and R e v e l, 1963 ) and t h i s  i s  p ro b a b ly  due to  th e  
c ro s s - lin k a g e .
W hile in  som atic c e l ls ,  ly s in e  -  r ic h  h is to n e s  fu n c t io n  
as the  condensing fa c to rs  o f  the  ch rom a tin , in  male 
germ c e l l s ,  H I and o th e r  h is to n e s  a re  shed d u r in g  
sperm iogenesis and s u b s t itu te d  by newly syn th e s ize d ,
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a rg in in e  -  r ic h  protam ine (Monesi, 1965, Vaughn, 1966). 
Protam ine has a h igh  t h io l  con ten t which i s  necessary 
fo r  the  fo rm a tio n  o f  S-S c ro s s - l in k s  th a t  endow the  
sperm chrom atin  w ith  s t a b i l i t y  and re s is ta n c e  and the  
sperm t a i l  w ith  m o t i l i t y  (C a lv in  and B edfo rd , 1971;
Coelingh et al. 1969). Issidorides (1978) has shown that
arginine depletion in chronic cannabis users is associated
with incomplete condensation of the chromatin in 
sperm heads producing  deformed acrosomes and a rre s te d
s p e rm  m a t u r a t i o n .  She p ro p o s e d  t h a t  t h e s e
a b n o rm a lit ie s  were a consequence o f  the  low protam ine
c o n te n t  o f  th e  sperm  due to  a r g in in e  d e f ic ie n c y .
A rg in in e  d e f ic ie n c y  has a ls o  been shown to  cause a
sh a rp  r e d u c t io n  in  sperm  numbers in  man ( S h e t t le s ,
1960) and in  expe rim en ta l an im als (A lbanese, 1952). In
som atic c e l ls  however, the  opp os ite  e f fe c t  was observed
by W e is s fe ld  and Rouse (1 9 7 7 ) i n  t h a t  a r g in in e
d e p r iv a t io n  produced marked condensation o f  chromosomes
due to  th e  p re v a le n c e  o f  ly s in e  -  r i c h  h is to n e s .
In te r ru p t io n  o f  DNA s y n th e s is  i s  lin k e d  to  a rg in in e
d e p r iv a t io n  (Ackerman e t a l , 1966; Hare, 1968) p o s s ib ly
by in te r fe re n c e  w ith  h is to n e  s y n th e s is . Th is  has been
shown in  HeLa c e l ls ,  to  take  p lace in  the  cytoplasm  in
c o n c u rre n c e  w i th  DNA s y n th e s is  (R obb ins  and B o run ,
1967). In  a d d it io n ,  a rg in in e  d e fic ie n c y  has been shown
to  cause chromosome breaks in  human le ucocy tes  (Aula
and N ic o ls , 1967) and chromosome a b e rra tio n s  in  Chinese
hamster c e l ls  (Freed and Schatz, 1969). In  essence
76
t h e r e fo r e ,  a r g in in e  d e p r iv a t io n  p roduces  o v e r -  
condensation o f  the  chrom atin  in  som atic c e l ls  due to  a 
r e la t i v e  in c re a s e  in  th e  H I h is to n e ,  and a r re s te d  
m a tu ra tio n  o f  germ c e l ls  due to  low protam ine co n te n t.
The fo llo w in g  chap te r describes  e a r ly  s tu d ie s  on two 
DNA p re c u rs o rs ,  th e  n u c le o s id e ,  th y m id in e  and th e  
e s s e n t ia l  amino a c id ,  a r g in in e .  L i t t l e  i s  known 
concern ing  the  in  v iv o  t o x ic i t y  o f  thym id ine  and fo r  
th e  purpose o f  d o s e -le v e ls  fo r  fu tu re  in  v iv o  s tu d ie s  
an o r a l  a c u te  s tu d y  w i t h  th y m id in e  in  r a t s  was 
perform ed. Excess thym id ine  has been shown to  induce a 
v a r ie ty  o f  mutagenic even ts to  c e l ls  in  c u ltu re  and i t  
was decided to  see i f  excess thym id ine  cou ld  provoke 
c la s to g e n ic  e f f e c t s  f o l lo w in g  m i t o t i c  a c t i v i t y  in  
som atic c e l ls  in  v iv o , us ing  the  m icronucleus t e s t .  
In  a d d it io n ,  the  dominant le th a l assay was employed to  
determ ine the  e f fe c ts  o f  excess thym id ine  on male germ 
c e l ls  and f i n a l l y ,  the  e f fe c t  o f  excess a rg in in e  on 
s o m a t ic  c e l l s  was in v e s t i g a t e d  u s in g  th e  human 
lymphocyte assay.
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METHODS
1 The M icronucleus Test
M ic ro n u c le i a r is e  fro m  chrom osom al fra g m e n ts  o r  
chromosomes th a t  a re  n o t in c o rp o ra te d  in to  daughter 
n u c le i a t  the  tim e o f  c e l l  d iv is io n .  The p o te n t ia l o f  
the  use o f  bone marrow smears to  d e te c t m ic ro n u c le i was 
developed by Schmid and coworkers (1971; 1973), who 
noted th a t  a lthough  m ic ro n u c le i occur in  numerous c e l l  
typ e s , p rov ided  th a t  the  c e l ls  have com pleted, under 
th e  in f lu e n c e  o f  a m utagen, one o r  more m ito s e s ,  a 
g re a t m a jo r ity  o f  m ic ro n u c le i p resen t them selves in  
ve ry  young e ry th ro c y te s .
A few  h o u rs  a f t e r  c o m p le tio n  o f  th e  la s t  m i t o s is ,  
e r y th r o b la s t s  e x p e l t h e i r  n u c le u s , b u t m ic ro n u c le i 
remain in  the  cytoplasm  o f  the  young e ry th ro c y te  and 
a re  e a s i l y  r e c o g n iz a b le .  I n  a d d i t i o n ,  im m a tu re  
e ry th ro c y te s  s ta in  d i f f e r e n t ly  from o ld e r  fo rm s; fo r  a 
p e r io d  o f  a p p r o x im a te ly  2 4 h rs  th e  n e w ly  fo rm e d  
e ry th ro c y te s  s ta in  b lu is h ,  i . e .  they  are  p o ly c h ro m a tic , 
w hereas th e  m a tu re  fo rm s  s t a in  re d .  I f  s c o r in g  o f  
m ic r o n u c le i  i s  r e s t r i c t e d  to  th e  p o ly c h r o m a t ic  
e r y t h r o c y t e s  (P C E 's )  th e n  i t  i s  known t h a t  th e  
a n o m a lie s  had a r is e n  d u r in g  th e  c o u rs e  o f  th e  
im m ed ia te ly  preceeding m ito s is  and under the  in f lu e n c e  
o f  the  mutagen.
The b a s ic  te c h n iq u e  o f  th e  t e s t  in v o lv e s  in t r a  -  
p e r i t o n e a l i n je c t io n  o f  th e  t e s t  compound to  m ic e , 
a llow ance fo r  c e l l  p r o l i f e r a t io n  and f i n a l l y  is o la t io n  
o f  th e  bone-m arrow  and s c o r in g  f o r  m ic r o n u c le i in  
PCE's. | M ice are the  species o f  cho ice  because they 
h ave  been used  m o s t com m on ly  and t h e r e f o r e  th e  
spontaneous frequency o f  m icronuc lea ted  PCE's in  mice 
i s  w e l l  docum ented. M ale m ice o n ly  a re  c o n s id e re d  
s u f f ic ie n t  fo r  genera l sc reen ing  (C o lla b o ra tiv e  s tudy  
group, 1986) due to  t h e ir  h ighe r s u s c e p t ib i l i t y .
Salamone et al (1980) recommended treating the mice twice 
(at 0 and 24 hr) and sampling at 24, 48 and 72 hrs after 
the second injection. These sampling times span the 
intervals over which maximum frequencies of micronuclei 
are known to occur.
3 .2 .2 . The Dominant Le th a l Asssay
A dom inan t le t h a l  m u ta t io n  i s  one w h ich  k i l l s  an 
in d iv id u a l heterozygous fo r  i t ,  c a r ry in g  i t  in  a s in g le  
dose (Bateman and E p s te in , 1971). The m u ta tion  w i l l  
have a r is e n  in  the  sperm p r io r  to  f e r t i l i z a t i o n  and in  
p ra c t ic e  i t  i s  found th a t  the  deaths are  r e s t r ic te d  to  
a s h o r t f r a c t io n  o f  the  t o ta l  g e s ta t io n . The te s t  may 
d e te c t agents th a t  cause n o n -d is ju n c tio n  o r chromosome 
breakage in  m e io t ic  o r p o s t-m e io t ic  c e l ls .
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The b a s is  o f  th e  t e s t  i s  t h a t  m ale m ice  a re  t r e a te d  
w ith  the  te s t  compound, u s u a lly  by in t r a -p e r ito n e a l 
in je c t io n ,  and then mated to  a succession o f  v i r g in
fe m a le s  o ve r th e  c o m p le te  sp e rm a to g e n ic  m a tu ra t io n  
p e r io d .  H o w e v e r, i f  th e  s u s c e p t ib le  s ta g e  o f
sperm atogenesis i s  known, m ating may be r e s t r ic te d  to  
these  weeks. Males and fem ales are  housed fo r  5-day 
p e rio ds  and the  fem ales k i l le d  13-17 days a f te r  f i r s t  
in tro d u c in g  the  male to  the  fem ale, and examined fo r  
the  number o f  dead and l i v e  im p la n ta t io n s .
3 .2 .3  The Human Lymphocyte Assay
The human ly m p o cy te  assay d e te c ts  s i s t e r  c h ro m a tid
exchanges (S C E 's ) . SCE's a re  r e c ip r o c a l  exchanges
between s is te r  chrom atids d u rin g  c e l l  r e p l ic a t io n  and 
are though t to  occur a t  homologous lo c i  and r e s u l t  from  
DNA breakage and re u n io n . Due to  the  sem i-co n se rva tive  
r e p l i c a t io n  o f  DNA, th e  f i r s t  r e p l i c a t io n  o f  c e l l s
1 c u ltu re d  in  the  presence o f  the  thym id ine  ana logue, 5 -
brom odeoxyuridine (BUdR) re s u lts  in  .one DNA s tra n d  in  
each daughter chrom atid  being s u b s t itu te d  w ith  BUdR. 
D u rin g  th e  second r e p l i c a t io n ,  b o th  s tra n d s  in  one 
chrom atid  a re  s u b s t itu te d  and one s tra n d  in  the  o th e r . 
Th is d i f f e r e n t ia l  BUdR in c o rp o ra tio n  may be v is u a liz e d  
by combined f lu o re s c e n t and s ta in in g  techn iques (P e rry  
and W o lf f ,  1974) and l i g h t  m ic ro s c o p y . O c c a s io n a l 
sym m etrica l sw itches in  t h is  s ta in in g  p a tte rn  show the
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in c id e n ce  o f  SCE’ s . Any r e p l ic a t in g  c e l l  i s  s u ita b le  
fo r  SCE’ s a n a ly s is  and w h ile  human p e r ip h e ra l b lood 
lymphocytes are  c e l ls  th a t  are  n o t no rm a lly  d iv id in g  
in  v iv o , they can be s t im u la te d  to  do so in  v i t r o  by 
the  a d d it io n  o f  a m itogen to  the  c u ltu re  medium. These 
c e l l s  have  s e v e r a l  a d v a n ta g e s  i n  t h a t  th e  c e l l  
p o p u la tio n  i s  synchron ized , they are  e a s i ly  a v a ila b le ,  
a re  l o n g - l i v e d ,  e a s y  t o  c u l t u r e  and h ave  a lo w  
spontaneous a b e rra t io n  frequency.
The b a s ic  techn ique  in v o lv e s  in c u b a tio n  in  the  dark o f  
hepanarized whole b lood in  c u ltu re  medium w ith  fo e ta l 
c a l f  serum as a supplem ent, m itogen, a n t ib io t ic s  and 
BUdR. A t s p e c i f i c  t im e  p e r io d s  c e l l  d i v is io n  i s  
a r r e s t e d  w i t h  a s p in d le  i n h i b i t o r  and th e  c e l l s  
subsequently  ha rves ted , f ix e d ,  s ta in e d  and ana lysed fo r  
SCE’ s.
3 .2 .4  S ta t is t ic s
Leve ls  o f  s ig n if ic a n c e  between tre a tm e n t groups and 
c o n tro ls  were determ ined where a p p ro p ria te  by a n a ly s is  
o f  v a r ia n c e  and th e  p ro c e d u re  o f  L e a s t S ig n i f i c a n t  
D i f fe r e n c e .  The in c id e n c e  o f  m ic r o n u c le i in  th e  
tre a te d  groups were compared w ith  c o n tro l us ing  the  
L e a s t S ig n i f i c a n t  D if fe r e n c e  based upon th e  p o o le d  
r e s id u a l mean sq u a re s  fro m  th e  f a c t o r i a l  a n a ly s in g  
va ria n ce .
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3.3 . EXPERIMENTAL
3 .3 .1  The acute  o ra l t o x ic i t y  o f  thym id ine  in  ra ts
Two groups o f  4 male and 4 female ra ts  (Sprague-Dawley 
s t r a in ,  200-300g) were g iven a s in g le  o ra l dose o f  5g 
thym id ine  /  kg bodyweight as a suspension in  w a ter o r 
15 m l/kg  w ater o n ly  fo llo w in g  o v e rn ig h t fa s t in g .  Food 
and w ater was made a v a ila b le  a f te r  dos ing . The ra ts  
were weighed on days 0 ,3 ,7  and 14 and observed a t  le a s t  
once d a i ly  f o r  s ig n s  o f  t o x i c i t y  f o r  14 d a y s . A l l  
s u r v iv o r s  w e re  s u b je c te d  t o  a g ro s s  p o s t -m o r te m  
exam ination a t  the  end o f  the  obse rva tio n  p e r io d .
3 .3 .2  A M icronucleus te s t  w ith  thym id ine
A group o f  24 s e x u a lly  mature male mice (CD-I s t r a in ,  
9-12 wks) were g iven  two in t r a - p e r ito n e a l in je c t io n s  o f  
4g thym id ine  /  kg bodyweight 24hrs a p a rt.  Two fu r th e r  
groups were g iven e ith e r  2 x 10 m l/kg  d i s t i l l e d  w ater 
as a neg a tive  c o n tro l o r 2 x 50 mg/kg cyclophosphamide 
as  a p o s i t i v e  c o n t r o l .  The dose  v o lu m e  o f  th e  
thym id ine  group was 20 m l/kg  bodyweight and fo r  the  
p o s it iv e  c o n tro l group, 10 m l/kg .
A t 24 , 48 and 72 h o u rs  a f t e r  th e  second i n j e c t i o n ,
82
e ig h t  mice were randomly se le c te d  from  each group and 
k i l l e d  by c e rv ic a l d is lo c a t io n .  Both femurs from  each 
mouse were removed and us ing  a 1 ml s y r in g e  and 25G x 
5 /8  n e e d le  th e  bone m arrow was a s p ira te d  in t o  5 ml 
fo e ta l c a l f  serum in  a c e n tr ifu g e  tube . The serum was 
g e n tly  a s p ira te d  up and down us ing  the  s y r in g e  u n t i l  
t h e  b o n e  m a rro w  c e l l s  w e re  p r e s e n t  a s  a f i n e  
suspension. Each tube was c e n tr ifu g e d  a t  1000 r .p .m . 
f o r  5 m in u te s  and th e  s u p e rn a ta n t removed le a v in g  
a p p ro x .  0 .5  m l.  The c e l l s  in  th e  s e d im e n t  w e re  
c a r e f u l l y  m ix e d  and  a s m a l l  d ro p  o f  th e  v is c o u s  
suspension was spread on two g lass  s l id e s ,  which were 
s ta in e d  w ith  May-Grunwald and Giemsa s ta in s .  For each 
a n im a l, 2000 po lych rom a tic  e ry th ro c y te s  (PCE’ s) were 
scored fo r  the  presence o f  m ic ro n u c le i.
3 .3 .3  A dominant le th a l assay w ith  thym id ine
Three g roup s  o f  8 s e x u a l ly  m a tu re  m ale m ice  (C D -I 
s t r a in ,  9-10 wks) were g iven  5 consecu tive  d a i ly  i . p .  
doses o f  1 .5 , 3 .0  o r  4 .0  g thym id ine  /  kg bodyw eight. 
A fu r th e r  group o f  8 mice were g iven d i s t i l l e d  w ater a t  
a dose volume o f  20 m l/kg  bodyweight.
A t th e  beg inn ing  o f  weeks 3 , 4 and 5 each male mouse
was housed w ith  two v i r g in  fem ales (CD-I s t r a in )  fo r  5
days, 12 days la te r  ( ie .  on days 13-17 o f  pregnancy)
each fe m a le  was k i l l e d  by c e r v ic a l  d is lo c a t io n  and
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sub jec ted  to  a post-mortem  exam ina tion . The u te ru s  was 
opened and e v a lu a te d  f o r  t o t a l  number o f  im p la n ts ,  
number o f  l i v e  fo e tu s e s , number o f  e a r ly  deaths and 
number o f  la t e  d e a th s . A l i v e  fo e tu s  w i l l  u s u a l ly  
move, a lth o u g h  som etim es n o t ,  e s p e c ia l ly  i f  in  th e  
e a r l ie r  stages o f  pregnancy, bu t may be recogn ized as a 
p in k -c o lo u re d  fo e tu s  o f  r e l a t i v e l y  la rg e  s iz e .  An 
e a r ly  death i s  seen as a ve ry  s m a ll,  d is c re te ,  round, 
b lack/b row n mass and a la te  death i s  an im m obile , pa le  
o r w h ite  fo e tu s , g e n e ra lly  sm a lle r than a l i v e  fo e tu s .
3 .3 .4 . The human lymphocyte assay w ith  a rg in in e
Up u n t i l  f ix a t io n ,  a l l  procedures were c a r r ie d  o u t in  
the  lam ina r a i r  f lo w  c a b in e t us ing  a s e p tic  techn iques 
and s t e r i le  equipm ent. U n t i l  h a rv e s tin g , the  c u ltu re s  
were p ro te c te d  from  l i g h t .
The c u ltu re  medium was prepared as fo llo w s !  1000 m is 
Eagles m inim al e s s e n tia l medium (EMEM), 10.2 m is L - 
g lu ta m ine , 5.0 m is p e n ic i l l in /s t r e p to m y c in .  A 30 mM 
s o lu t io n  o f  a rg in in e  was prepared us ing  EMEM as the  
v e h ic le  and a 50 m is b lood sample was ob ta ined  from  a 
h e a lth y  male v o lu n te e r.
To 50, 0 .8  ml samples o f  whole b lood , 9 .5  m is medium 
was added and g e n tly  m ixed, c e n tr ifu g e d  a t  1000 r .p .m . 
f o r  5 m in u te s  and th e  s u p e rn a ta n t d is c a rd e d .  To 4
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g roup s  o f  10 tu b e s  th e  30 mM a r g in in e  s o lu t io n  was 
added to  p rov id e  f in a l  co n c e n tra tio n s  o f  0 , 5 , 15 o r 30 
mM a rg in in e .  A fu r th e r  group o f  10 tubes re ce ive d  1.02 
p i  o f  2 .5  mM ethylm ethane su lphonate (EMS) g iv in g  a 
c o n c e n t r a t io n  o f  1 .0  mM. To each  tu b e  100 j u l  
phytohaemaglutamine (PHA) and 50 j j !  BUdR was added and 
th e  volum e made up to  10 m is w i th  c u l t u r e  medium 
c o n ta in in g  fo e ta l c a l f  serum.
The tubes were wrapped in  double a lum inium  f o i l  and 
incuba ted  a t  37°C in  a CO2  atmosphere.
A t 70 , 72 , 7 4 , 76 and 9 4 h rs , 10 c u l tu r e s  fro m  each 
group were removed from  the  in cu b a to r and 50 ^ u l o f  10 
^jjgml- '*' c o lc e m id  added. The c u l tu r e s  were th e n  r e -  
incuba ted  fo r  2h rs . A f te r  t h is  tim e  each c u ltu re  was 
c e n t r i f u g e d  a t  1 0 0 0  r . p . m  f o r  5 m in s  a n d  t h e  
supe rna tan t removed le a v in g  a volume equal to  th a t  o f  
the  p e l le t .  The c e l ls  were resuspended in  t h is  volume 
and 8 m is o f  0.075 M KC1 (pre-warmed to  37°C) added to  
each tube . The tubes were c e n tr ifu g e d  aga in  and the  
s u p e rn a ta n t removed as b e fo re .  The c e l l s  w ere r e -  
suspended by draw ing up and down in  a Pasteur p ip e t te  
and the  loaded p ip e t te  was l e f t  s tand ing  w h i ls t  2 .5  ml 
o f  3:1 methanol : a c e t ic  a c id  f ix a t iv e  was added s lo w ly  
to  each tube . The c e l ls  were in tro d u ce d  ju s t  beneath 
the  su rfa ce  o f  the  f ix a t iv e  and then p ip e tte d  up and 
down. The c e l ls  were then c e n tr ifu g e d , the  f ix a t iv e
85
removed and more added as be fo re . The f ix a t iv e  was 
ch a n g e d  i n  t h i s  m anner u n t i l  th e  s u s p e n s io n  was 
c o lo u r le s s . The suspension was s to re d  o v e rn ig h t a t  
-20 °C  and th e n  th e  f i x a t i v e  changed a g a in  w i th  th e  
c e l ls  re-suspended in  app rox im a te ly  0 .5  m l. D u p lica te  
s l id e s  were made fro m  each tu b e  by d ro p p in g  3 o r  4 
drops o f  suspension onto  a c lean  g lass  s l id e  he ld  a t  an 
ang le  o f  45°. The s lid e s  were a llow ed to  d ry  and then 
pu t in to  a rack and immersed in  5 jug m l”"^ b izbenzim ide 
fo r  10 m inutes. They were then r in s e d  in  ta p  w ater and 
p la c e d  fa c e  up in  a s h a llo w  t r a y  and co v e re d  w i th  
phosphate b u ffe re d  s a lin e  and exposed to  254 nm u l t r a  
v io le t  l i g h t  fo r  1 hour. The s lid e s  were r in s e d  in  tap  
w a te r a g a in  and s ta in e d  f o r  5 m ins in  5% G iem sa. 50 
c e l ls  in  metaphase from  each tube were scored fo r  the  
in c id e n ce  o f  SCE’ s .
3.4. RESULTS
3 .4 .1  The acu te  o ra l t o x ic i t y  o f  thym id ine  in  ra ts
No anim als d ied  d u rin g  the  s tudy  and o v e ra l l th e re  were 
no d iffe re n c e s  in  bodyweight g a in . Those an im als g iven 
th y m id in e  had d ia r rh o e a  f o r  a p p ro x im a te ly  48 h rs  
fo llo w in g  dosing and a ls o  appeared to  e xc re te  thym id ine  
in  the  u r in e . A t post-mortem exam ination th e re  were no
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gross a b n o rm a lit ie s  in  e i th e r  the  tre a te d  o r c o n tro l 
r a ts .
3 .4 .2  A m icronucleus te s t  w ith  thym id ine
T h e re  was a s i g n i f i c a n t  in c r e a s e  in  num be rs  o f  
m ic ronuc lea ted  PCE’ s in  th e  bone marrow o f  mice g iven 
cyclophosphamide a t  a l l  th re e  sam pling tim es (Table 
3 .1 ) w ith  the  g re a te s t e f fe c t  be ing  a t  24h r. A lso , 
th e re  was an inc rease  in  the  numbers o f  normochromatic 
e ry th ro c y te s  compared to  po lych rom a tic  e ry th ro c y te s  a t  
a l l  s a m p lin g  t im e s .  There were no s t a t i s t i c a l l y  
s ig n i f ic a n t  d iffe re n c e s  in  numbers o f  m icronuc lea ted  
PCE's in  the  bone marrow o f  those mice g iven  thym id ine  
a t  e i t h e r  o f  th e  s a m p lin g  t im e s  u s in g  th e  L e a s t  
S ig n i f i c a n t  D if fe r e n c e  c r i t e r i a ,  a lth o u g h  each was 
s l i g h t ly  h ighe r than the  con cu rre n t c o n t ro l.  When a l l  
the  data fo r  the  thym id ine  tre a te d  mice were pooled and 
compared to  the  pooled c o n tro l data however, th e re  was 
a s ig n i f ic a n t  in c rease  a t  the  5% le v e l.
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Table 3 .1  The e f fe c t  o f  excess thym id ine  on m ic ro n u c le i in  mouse
bone marrow
Time a f te r  
2nd in je c t io n
Treatment3
C o n tro l 2x4q/kq TdR 2x50mq/kq CTX
%PCE P:N %PCE P:N %PCE P:N
24hr 0.29 55:45 0.48 43:57 6 .0 7 ** *  29:71
(0 .13) (0 .35) (1 .13 )
48hr 0.29 50:50 0.46 49:51 4 .1 3 * * *  27:73
(0 .20) (0 .27) (2 .87)
72hr 0.35 46:54 0.59 48:52 1 .4 6 ** *  35:65
(0 .22) (0 .33) (0 .77)
a A b b re v ia tio n s  are  i %PCE = % m ic ro n u c le i in  po lych rom a tic  
e ry th ro c y te s ; P;N -  po lych rom a tic  : normochromatic e ry th ro c y te  
r a t io ;  TdR = th ym id in e ; CTX = cyclophosphamide.
The f i g u r e s  a re  th e  means and s ta n d a r d  d e v ia t io n s  ( i n  
p a re n th e s is ) fo r  groups o f  8 m ice. Those marked w ith  a s te r is k s  
d i f f e r  s ig n i f ic a n t ly  from  the  co n cu rre n t c o n tro l us ing  the  Least 
S ig n i f i c a n t  D if fe re n c e s  based upon th e  p o o le d  r e s id u a l mean 
squares from  the  f a c to r ia l  a n a lyz in g  v a ria n ce : * * *  £  < 0 .001.
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3.4.3 A dominant lethal assay with thymidine
The re s u lts  o f  the  dominant le th a l assay may be seen in  
T a b le  3 .2 .  There  were no d i f fe r e n c e s  in  p regnancy  
r a t e ,  l i v e  im p la n ts ,  e a r ly  d e a th s  o r  la t e  d e a th s  
between th e  c o n t r o l  and t r e a te d  g roup s  a t  any t im e  
p o in t .
Table 3 .2  Summary o f  the  re s u lts  o f  the  dominant
le th a l assay.
Week 3 Week 4 Week 5
C o n tro l TdR C o n tro l TdR C o n tro l TdR
% Pregnant 
T o ta l!
81.3 87.5 81.3 87.5 87.5 87.5
Im p lan ts 156 182 165 165 175 164
L ive  im p la n ts 148 171 154 158 168 153
E a rly  deaths 4 1 0 9 6 7 1 1
Late deaths 
Mean /  l i t t e r :
4 1 2 1 0 0
Im p lan ts 1 2 . 0 13.0 12.7 1 1 . 8 12.5 11.7
L ive  im p la n ts 11.4 1 2 . 2 1 1 . 8 11.3 1 2 . 0 10.9
E a rly  deaths 0.3 0.7 0.7 0.4 0.5 0 . 8
Late deaths 0.3 0.07 0 . 2 0.07 0 0
The f ig u re s  are  to ta ls  and means fo r  groups o f  16 m ice. TdR = 
thym id ine .
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3.4.4 The human lymphocyte assay with arginine
There  was a la rg e  in c re a s e  in  th e  number o f  s i s t e r  
c h ro m a tid  exchanges in  th e  c e l l s  t r e a te d  w i th  th e  
p o s t iv e  c o n t r o l ,  EMS (T a b le  3 . 3 ) .  There  were no 
s ig n i f ic a n t  d iffe re n c e s  from  c o n tro l in  the  number o f 
SCE’ s in  e i th e r  o f  the  a rg in in e  tre a te d  groups a t  any 
tim e p o in t .  However, most o f  the  c e l ls  tre a te d  w ith  30 
mM a rg in in e  were found to  be in  the  f i r s t  d iv is io n  o f  
m ito s is ,  even a f te r  78 h rs  and th e re fo re  few c e l ls  
cou ld  be scored fo r  SCE’ s .
Table 3 .3  The e f fe c t  o f  a rg in in e  on human lymphocyte
chromosomes
Dose group
Mean No. SCE's a t  trea tm en t tim e  (h rs ) 
72 74 76 78 96
C o n tro l 10.74 9.12 10.04 10.50
5mM a rg in in e 11.16 9.20 9.28 12.64 9.18e
15mM a rg in in e 10.04 8.32 8.08 11.40 9.88
30mM a rg in in e  8 .80a 7 .75b 10.63b 11.00c 11.08
EMS 38.44 43.88 24.72 35.89a 32.73f
F igu res  are  the  means fo r  50 metaphases except those marked 
a = 10; b = 8 ; c = 5 ; d = 6 ; e = 17; f  ■ = 11.
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3.5 DISCUSSION
The maximum dose no rm a lly  used in  an LD^g s tudy  i s  5 g /kg  -  
t h is  i s  the  l i m i t  te s t  and a compound producing no deaths a t  
t h is  le v e l i s  considered to  be t o t a l l y  n o n - to x ic . Herman 
e t  a l , (1980) showed th a t  in t r a - p e r ito n e a l doses o f  approx. 
4g thym id ine  /  Kg produced plasma co n c e n tra tio n s  o f  lOmM, 
lowered th e  a r t e r ia l  b lood pressure  and h e a rt ra te  o f  mice 
fo r  over 6  hours and caused se d a tio n  and a n u ria , the  la t t e r  
suggesting  an e f fe c t  on the  k id ney . In  the  p resen t s tu d y  no 
seda tion  was noted, no ra ts  d ied  and th e re  were no s ig n s  o f  
a n u ria . I t  was observed however, th a t  the  tre a te d  ra ts  had 
d ia rrho ea  and appeared to  e xc re te  some unchanged th ym id in e . 
Th is  too  would suggest an e f fe c t  on the  k id ney . However, 
Shaw e t  a l , (1988) have shown th a t  thym id ine  a d m in is te red  
in  v iv o  i s  r a p id ly  broken down by the  p la te le ts .
The no rm a l in c id e n c e  o f  m ic ro n u c le a te d  p o ly c h ro m a tic  
e ry th ro c y te s  has been re p o rte d  to  be in  the  range o f  0 . 2  -
0.5% (Schmid, 1976) and th e re fo re  the  r e s u lts  ob ta ined  in  
t h is  s tudy are  c o n s is te n t w ith  t h is .  The p o te n t mutagen, 
c y c lo p h o s p h a m id e ,  m a rk e d ly  in c r e a s e d  th e  num be rs  o f  
m ic ronuc lea ted  PCE’ s w ith  the  maximum response a t  the  24 h r 
sam pling tim e . Th is  r e s u lt  confirm ed th a t  the  te s t  system 
was be h a v in g  as a n t ic ip a te d  s in c e  cyc lo p h o sp h a m id e  i s  a 
standard  p o s it iv e  c o n tro l in  the  m icronucleus te s t  (M a tte r 
and G ra u w ile r, 1974; Salamone e t  a l , 1980; M aier and Schmid, 
1976; Heddle e t  a l ,  1983). W hile  tre a tm e n t w ith  thym id ine
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d id  no t s ig n i f ic a n t ly  in c rea se  the  p ro p o rt io n  o f m ic ro n u c le i 
a t  any one tim e p o in t ,  most va lues in  t h is  group were h ighe r 
than the  co n cu rre n t c o n t r o l,  p a r t ic u la r ly  a t  24hr. Th is 
in c re a s e  was c o n firm e d  and shown to  be s t a t i s t i c a l l y  
s ig n i f ic a n t  when a l l  p o in ts  were considered to g e th e r. A lso 
a t  24hrs th e re  was a m arg ina l t o x ic i t y  o f  th e  p r o l i f e r a t in g  
bone marrow c e l ls  in  the  thym id ine  group, as in d ic a te d  by 
th e  lo w e r  p o ly c h r o m a t ic  t o  n o rm o c h ro m a t ic  r a t i o .  
M ic ro n u c le i are  though t to  a r is e  from  chromosomal fragm ents 
o r chromosomes th a t  a re  n o t in c lu d e d  in  the  daughter n u c le i 
a t  c e l l  d iv is io n .  However, as m ic ro n u c le i are  g e n e ra lly  
o n ly  de tec ted  a f te r  o v e r t ly  to x ic  doses o f  compounds and 
s in ce  they rep resen t le th a l even ts in  p r o l i f e r a t in g  c e l l  
p o p u la tio n s  (Heddle e t  a l  1983) the  m arg ina l e f fe c t  seen in  
t h i s  s tu d y  may s im p ly  r e f l e c t  th e  low  a c u te  t o x i c i t y  o f  
thym id in e .
Thymidine was a ls o  nega tive  in  the  dominant le th a l assay and 
th is  assay d e te c ts  p r im a r i ly  chromosome losses and breaks 
(Bateman and E p s te in ,  1 9 7 1 ). Excess th y m id in e  in d u c e s  
p redom inan tly  p o in t  m u ta tio n s , which would no t induce e ith e r  
m ic ro n u c le i o r dominant le th a l m u ta tio n s . However, i t  has 
been shown t h a t  excess th y m id in e  to  c e l l s  in  v i t r o  does 
inc rease  chromosome a b e rra tio n s  (Anderson e t  a l 1981; Yang 
e t  a l , 1966; Luchnik e t  a l , 1976) and increased  frequency o f  
s i s t e r  c h ro m a tid  exchanges (P e r ry ,  1 9 8 3 ). I t  has been 
suggested (Phear e t  a l , 1987) th a t  la rg e  inc reases  in  the  
dTTP /  dCTP p o o l im b a la n ce  p roduce  lo n g  s t r e tc h e s  o f
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m is in co rp o ra te d  thym ine n u c le o tid e s  in  the  DNA and in  t r y in g  
to  i n i t i a t e  re p a ir  processes, s in g le  stranded endonucleases 
would c u t a t  these m u lt ip le  s i te s  le a d in g  to  double s tran d  
b re a k s  and a b n o r m a l i t ie s .  A l l  o f  th e s e  e f f e c t s  o c cu r 
however w ith  r e la t iv e ly  h igh  co n c e n tra tio n s  o f  th ym id in e . 
Anderson e t  a l , (1981) found the  g re a te s t e f fe c ts  on P338 
and CHO c e l ls  a t  the  1-10 mM le v e l and P e rry  (1983) found 
SCE frequency to  be doubled in  CHO c e l ls  by the  a d d it io n  o f  
100 juM th y m id in e .  I t  has been shown by a n a l y t i c a l  
techn iques (see Chapter 5) th a t  in  v iv o  a d m in is tra t io n  o f  
thym id ine  produced a maximum c o n c e n tra tio n  o f  0 . 1  jM  in  the  
t e s te s ;  one w ou ld  assume c o m p a ra tiv e  le v e ls  i n  o th e r  
t is s u e s .  T h is  le v e l  may be s u f f i c i e n t  to  cause p o in t  
m u ta tions  bu t in s u f f ic ie n t  fo r  s ig n i f ic a n t  chromosome damage 
and hence p roduce  n e g a t iv e  o r  o n ly  m a r g in a l l l y  p o s i t i v e  
re s u lts  in  the  dominant le th a l and m icronucleus assays.
A r g in in e  t r e a tm e n t  had no e f f e c t  on th e  ly m p h o c y te
chromosomes. However, when the  c e l ls  were tre a te d  w ith  30
mM a rg in in e  and harvested  a t  72, 74 and 78 h r th e re  were
very  few metaphases p re se n t. Those th a t  were p resen t were
a l l  found to  be in  o n ly  the  f i r s t  s tage o f  d iv is io n ,  w h i ls t
a t  a l l  o th e r dose -  le v e ls  the  c e l ls  were a t  the  usua l stage
H .  A fte ir  96hrs o f  tre a tm e n t, the  c o n t ro l,  5 mM and 15 mM 
arginine groups had progressed to the third stage and the 30mM 
tre a te d  c e l ls  had reached stage I I .  E v id e n tly  th e re fo re ,
the  h ig h e s t le v e l o f  a rg in in e  slowed down c e l l  d iv is io n .
Th is phenomenon cou ld  be due to  a p h y s ic a l e f fe c t  on the
c e l l s .  H o w e v e r, i t  i s  p o s s ib le  t h a t  i t  i s  due t o  a
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predominance o f  the  a rg in in e  -  r ic h  h is to n e s . I f  su pp ly ing  
e x c e s s  a r g in in e  t o  th e  c e l l s  in c r e a s e d  th e  r e l a t i v e  
p ro p o rt io n  o f  and h is to n e s , the  chrom atin  would become 
d i f f u s e  as a r e s u l t  o f  th e s e  a r g in in e  -  r i c h  h is to n e s  
com bining a long  the  double h e l ix .  The f i r s t  m ito t ic  stage 
i s  prophase which i s  c h a ra c te r iz e d  by com plete chrom atin  
condensation . I t  would seem reasonable to  assume th e re fo re ,  
t h a t  t h i s  c o n d e n s a tio n  i s  e i t h e r  a r re s te d  o r  l im i t e d  in  
degree in  the  presence o f  excess a rg in in e . A lthough th e re  
are  no o th e r data concern ing  the  e f fe c ts  o f  excess a rg in in e  
on som atic o r germ c e l ls ,  in  both c e l l  types decreases in  
the  p ro p o rt io n  o f a rg in in e  -  r ic h  h is to n e s  have been shown 
to  cause the  opp os ite  e f fe c t  to  th a t  seen here , i . e .  over 
condensation o f  the  chrom atin  in  som atic c e l ls  producing 
chromosome a b e rra tio n s  and a rre s te d  sperm m a tu ra tio n  due to  
lo w  p r o ta m in e  c o n te n t  o f  th e  germ  c e l l s .  C l e a r l y ,  
d is ru p t io n  o f the  balance o f  th e  p ro te in s  assoc ia ted  w ith  
DNA a ls o  can m arkedly a f fe c t  DNA s y n th e s is .
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C H A P T E R  4
E f fe c t  o f  DMA p re cu rso r poo l im balance in  v iv o
4 .1  INTRODUCTION
In  o rd e r  to  in d u c e  t r a n s m is s ib le  m u ta t io n s ,  c h e m ic a l 
s u b s ta n ce s  m ust re a ch  th e  germ c e l l s .  S im i la r l y ,  i f  
b a la n ce d  DNA p re c u rs o r  p o o ls  a re  r e q u ire d  f o r  h e r i t a b le  
g e n e tic  s t a b i l i t y ,  a means o f  in v e s t ig a t in g  the  e f fe c ts  o f  
p o o l d is tu rb a n c e s  in  th e  germ c e l l s  i s  needed. Many 
procedures designed to  d e te c t tra n s m is s ib le  g e n e tic  damage 
in  mammals use la rg e  numbers o f  a n im a ls  and a re  t im e  
consuming and expensive . In te re s t  has developed th e re fo re  
in  th e  assessm ent o f  sperm -head a b n o r m a l it ie s  f o l lo w in g  
in  v iv o  mutagen t re a tm e n t .  T h is  m ethod i s  r e l a t i v e l y  
s im p le , inexpensive  and ra p id .
Evidence in d ic a te s  th a t  induced changes in  sperm morphology 
r e f le c t  g e n e tic  damage in  the  male germ c e l ls .  The c e l lu la r  
p roduc t o f  sperm atogenesis is  u s u a lly  a h ig h ly  s tru c tu re d  
c e l l  o f  s p e c ie s -s p e c if ic  morphology, the  c h a ra c te r is t ic s  o f  
which are  p o ly g e n e t ic a lly  c o n tro lle d  by numerous autosomal 
and s e x - l in k e d  genes (B e n n e tt ,  1975; K rzanow ska, 1972 ;
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I l l i s o n ,  1969). Spontaneous le v e ls  and types o f  abnorm ally  
sh a p e d  sperm  a re  r e m a rk a b ly  c o n s is t e n t  w i t h i n ,  and 
c h a r a c te r is t ic  o f ,  s t r a in s ,  even though the  le v e ls  may vary 
w id e ly  among s t ra in s  (Wyrobek, 1979). A lso , in  the  mouse, 
numerous m utagens, te ra to g e n s  and c a rc in o g e n s  have been 
shown to  induce marked e le v a tio n s  in  the  f r a c t io n  o f  sperm 
w i th  head-shape a b n o r m a l i t ie s .  W yrobek e t  a l , (1983)
r e p o r te d  t h a t  th e  spe rm  m o rp h o lo g y  a s s a y  c o r r e c t l y  
id e n t i f ie d  a l l  agents th a t  were p o s it iv e  in  th re e  o th e r germ 
c e l l  m u ta g e n ic i t y  t e s t s  ( S p e c i f i c  lo c u s ,  h e r i t a b l e  
t ra n s lo c a t io n  and dominant le t h a l ) .  S ince carc inogens and 
te ra tog ens  may a c t ,  and mutagens do a c t by causing g e n e tic  
damage, a l i k e l y  e xp la n a tio n  o f  these re s u lts  i s  th a t  sperm 
a b n o rm a lit ie s  are  a ls o  caused by g e n e tic  damage. However, 
the  s p e c i f i c i t y  o f  the  te s t  i s  u n c le a r, as y e t ,  s in c e  i t  
id e n t i f ie d  as p o s it iv e  53% o f  those agents found n eg a tive  
by the  dominant le th a l assay. So f a r ,  too  few nega tives  
have been s tu d ie d  in  th e  S p e c i f ic  lo c u s  and h e r i t a b le  
t ra n s lo c a tio n  te s ts  to  determ ine i f  these anomalous r e s u lts  
a re  due to  the  d i f f e r e n t  sperm atogenic stages sampled o r 
w h e th e r d i f f e r e n t  mechanisms a re  in v o lv e d .  However, 
evidence i s  a ls o  accum ulating to  suggest th a t  in c rea ses  in  
th e  p r o p o r t io n  o f  abnorm al sperm in d u c e d  by c h e m ic a l 
m utagens may be t r a n s m it te d  to  th e  F I g e n e ra t io n  m ales 
(Topham, 1980; H ugenho lz  & B ru c e , 1977 ; S taub  & M a t te r ,  
1976-1977; Wyrobek e t  a l ,1975; Wyrobek, 1979).
I t  i s  p o s s ib le , in  the  sperm morphology assay, to  determ ine
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which stages o f  sperm atogenesis a re  a ffe c te d  by sam pling the 
sperm  a t  s p e c i f i c  t im e  p o in t s  a f t e r  e x p o s u re  t o  th e  
chem ica l. The k in e t ic s  o f  mammalian sperm atogenesis has 
been s tu d ie d  e x te n s iv e ly  and the  d u ra tio n  o f  the  va rio u s  
s ta g e s  show r e m a rk a b le  u n i f o r m i t y  w i t h i n  a s p e c ie s  
(0akberg,1957; Roosen-Runge, 1977). F ig u re  4 .1  shows the  
t i m i n g  o f  t h e  v a r i o u s  s t a g e s  o f  m o u s e  a n d  r a t  
sperm atogenesis and sperm iogenesis (Sega, 1982 ; Roosen-
Runge, 1977; Monesi, 1962).
Spermatogenesis u s u a lly  proceeds w ith o u t conspicuous pause, 
the  c e l ls  in  the  f i r s t  stage be ing the  sperm atogonia. These 
c e l ls  a r is e  from  the  stem c e l ls  and the  exac t d u ra t io n  o f  
t h i s  s ta g e  i s  unknown as th e y  a re  a lw a ys  p re s e n t.  The 
p rim ary  spermatogonia must d iv id e  a t  le a s t  once, and u s u a lly  
go through a number o f  m ito t ic  d iv is io n s  to  become secondary 
s p e rm a to g o n ia . The number o f  s u c c e s s iv e  s p e rm a to g o n ia l 
m itoses is  s p e c ie s -s p e c if ic  and i s  s ix  fo r  both th e  mouse 
and r a t .  (Roosen-Runge, 1977). Each o f  the  sperm atogonia l 
stages show m orpho log ica l d iffe re n c e s  and e v e n tu a lly  the  
c e l l s  grow and m a tu re  in t o  p r im a ry  s p e rm a to c y te s . The 
n u c le i o f  these c e l ls  then e n te r the  le p to te n e , zygotene and 
pach y ten e  s ta g e s  o f  m e io s is ,  th e  d u r a t io n  o f  each b e in g  
dependent upon th e  s p e c ie s .  The n e x t s ta g e ,  d ip lo te n e ,  
occurs when each chromosome in  th e  b iv a le n ts  s p l i t s  in to  two 
chrom atids fo rm ing  the  te t r a d .  D uring t h is  tra n s fo rm a tio n  
f r o m  p a c h y te n e  to  d ip lo t e n e ,  c r o s s in g - o v e r  f ro m  one 
chrom atid  to  another occurs and chiasmata are  formed a t  the
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c ro s s in g  p o in ts .  F o llo w in g  the  d ip lo te n e  s tage , the  te tra d s  
shorten  and th ic k e n , d ia k in e s is ,  and the  metaphase o f  the  
f i r s t  m e io t ic  d iv is io n  o c c u rs ,  c lo s e ly  fo l lo w e d  by th e  
second m e io t ic  d iv is io n  d u rin g  which the  centromere d iv id e s . 
The two d iv is io n s  r e s u lt  th e re fo re ,  in  the  fo rm a tio n  o f  fo u r  
n u c le i each c a rry in g  a h a p lo id  number o f  chromosomes. These 
c e l ls  a re  the  sperm atids. The sperm atids then undergo a 
s e r ie s  o f  m orpho log ica l d i f f e r e n t ia t io n  stages to  become 
m a tu re  sperm atozoa  w h ich  escape in t o  th e  lumen o f  th e  
se m in ife ro us  tu b u le . Subsequently the  spermatozoa pass in to  
the  ep id id ym is  where they  mature fu r th e r  u n t i l  e xp e lle d  in to  
the  vas de fe rens.
S ince a l l  known forms o f  g e n e tic  a l te r a t io n s ,  from  p o in t 
m u ta tion  to  oncogenic tra n s fo rm a tio n  and te ra to g e n e s is  have 
been observed subsequent to  induced dNTP pool d is tu rb a n c e s , 
i t  i s  l i k e l y  th a t  induced dNTP im balance can be a source o f  
g e n e tic  change. However, the  im p lic a t io n s  fo r  the  in  v iv o  
s i tu a t io n  where feed-back mechanisms p robab ly  e x is t  fo r  the  
m a in ten ance  o f  c o r r e c t l y  b a la n ce d  p re c u rs o r  p o o ls  a re  
u n c e r ta in .  The f o l lo w in g  c h a p te r  d e s c r ib e s  e x p e r im e n ts  
designed to  in v e s t ig a te ,  us ing  the  sperm morphology assay, 
w h e th e r  th e s e  g e n e t ic  a l t e r a t i o n s  may be in d u c e d  in  
mammalian germ c e l ls  in  v iv o  and whether the  e f fe c ts  are  
tra n s m is s ib le  to  the  nex t g e n e ra tio n .
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F igu re  4 .1  Tim ing o f  the  stages o f  sperm atogenesis and 
sperm iogenesis in  the  r a t  and mouse.
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METHODS
1 The Sperm Morphology Assay
In  th e  sperm m orp ho logy  a s s a y , th e  m ale a n im a l i s  
exposed to  a chem ical up to  le th a l doses and the  sperm 
are  v is u a l ly  scored fo r  the  percentage o f  sperm w ith  
abnormal head form s in  smears taken from  the  ep id id ym is  
(Wyrobek and Bruce, 1975). Sperm counts are  made a ls o  
to  assess the  t o x ic i t y  o f  the  te s t  agent to  the  germ 
c e l ls  and the  w e igh ts  o f  the  empty cauda ep id id ym is  and 
o f  the  te s te s  are  recorded.
2 S ta t is t ic s
Percentages o f  abnormal sperm are  u s u a lly  transfo rm ed 
by an a r c - s i n e  t r a n s f o r m a t i o n  and sperm  c o u n t s  
transform ed to  the  square ro o t .  (The c o n c e n tra tio n  o f  
sperm per ^ 1  in  the  ep id idym a l f lu i d  may a ls o  be used 
a s  a m e a s u r e  o f  t h e  s p e r m  c o u n t ) .  F o l l o w i n g  
n o r m a l i s a t i o n  o f  t h e  d a t a  by t h e  a p p r o p r i a t e  
t r a n s fo r m a t io n ,  a tw o-w ay a n a ly s is  o f  v a r ia n c e  i s  
perform ed. Th is  a llo w s  id e n t i f ic a t io n  o f  the  e f fe c ts  
due to  t re a tm e n t and t im e ,  and w h e th e r o r  n o t any 
t r e a t m e n t  e f f e c t  v a r i e s  w i t h  t i m e .  L e v e l s  o f  
s ig n if ic a n c e  between the  trea tm en t groups and c o n tro ls  
(and between comparable trea tm en ts ) a re  determ ined by 
the  procedure o f  Least S ig n i f ic a n t  D iffe re n c e  and /o r
Student’s t-test.
4.2.3. Collection of sperm samples
Anim als are  k i l le d  by c e rv ic a l d is lo c a t io n  (m ice) o r 
carbon d io x id e  a s p h y x ia tio n  ( r a t s ) .  Each anim al i s  
opened v e n t r a l ly  and the  te s te s  removed and weighed. 
The cauda ep id idym ides are  then exc ised  and ep id idym a l 
f l u i d  c a r e fu l ly  extruded from  the  c u t end o f  the  vas 
de ferens o f  each cauda by squeezing g e n tly  between the  
thumb and fo re f in g e r .  The f l u i d  is  c o lle c te d  in  an 
a d ju s ta b le  m ic ro p ip e tte  and the  volume measured. Each 
empty cauda is  weighed. The f l u i d  is  dispensed in to  
phospha te  b u f f e r e d  s a l in e  (pH 7 . 3 )  and a llo w e d  to  
d isp e rse .
An a l iq u o t  o f  the  sperm suspension i s  removed and pu t 
in t o  a known volum e o f  ’ I s o t o n ' .  500 u l i s  co u n te d  
us ing  a C o u lte r Counter and the  t o ta l  number o f  sperm 
c a lc u la te d .
A pprox im ate ly  50 u l o f  the  sperm suspension i s  spread 
on two g la s s  s l id e s  and a i r - d r ie d .  The s l id e s  a re  
s ta in e d  in  1% aqueous Eosin Y fo r  5 m inu tes, washed 
b r i e f l y  and f i x e d  in  70% a lc o h o l .  Each s l i d e  i s  
mounted in  D.P.X. The s lid e s  w ith in  an experim ent are  
g iven  a random number and are  o n ly  decoded when a l l  the  
s lid e s  have been scored. 200 -  500 sperm are  scored a t
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x 400 -  500 m a g n if ic a t io n  w ith  a green f i l t e r  over the  
l i g h t  source . The percentages o f  the  d i f f e r e n t  types 
o f  a b n o r m a l it ie s  (see be low)  a re  re c o rd e d  and th e  
percentage o f  t o t a l  a b n o rm a lit ie s  c a lc u la te d .
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Classification of Mouse Sperm Morphology
6  ca te g o rie s  are recogn ised :
1. Normal
a. g e n tly  c u rv in g
s t r a ig h t
c . g e n tly  c u rv in g
d. curved and extend ing
down the  t a i l
Head re g io n s :
a. Top o f  head
b. F ro n t o f  head
c . Back o f  head
d. Bottom o f  head
2. Head abnormal
- at least 2 regions of the head abnormal
3. Hook abnormal
-  no t curved
-  p o in t in g  upwards
-  se v e re ly  bent o r curved downwards
-  tw ic e  as long as norm al, o r longer
-  h a l f  as long as normal
-  absent
4. T a i l  abnormal
-  more than one
-  c o ile d  o r tang led
-  fused a long a t  le a s t  h a l f  i t s  le n g th
5. T a i l  a b n o rm a lity  to g e th e r  w i th  a head o r  hook 
a bn o rm a lity
6 . O thers (e .g .  double -  headed)
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4.2.5 Classification of Rat Sperm Morphology
5 ca te g o rie s  are recogn ised:
1. Normal
s l ig h t ly  
convex
s l i g h t ly  curved downwards
r
concave
. s t r a ig h t
2. Head abnormal
-  any p a r t  o f  the  head o r hook d i f f e r in g  in  shape 
from the  normal morphology
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3. Tail abnormal
-  more than one
-  c o ile d  o r tang led
-  fused a long a t  le a s t  h a l f  i t s  le n g th
-  f a u l t y  membrane i . e  d i f f u s e  in  a p p e a ra n ce , 
th ic k e r  than normal o r  f i b r i l s  v is ib le
4. Head and t a i l  abnormal
5. O thers (e .g .  double-headed)
4 .3  EXPERIMENTAL
4 .3 .1  The e f fe c t  o f  thym id in e  on sperm atogenesis in  m ice
A group o f  20 s e x u a lly  mature male mice (CD-I s t r a in ,  
aged approx. 10 wks) was g iven  5 consecu tive  i . p .  doses 
o f  a su sp e n s io n  o f  4g th y m id in e  /  kg b o d y w e ig h t. A 
correspond ing  group o f  2 0  c o n tro l an im als re ce ive d  the  
w a te r v e h ic le  o n ly  a t  a dose volum e o f  2 0  m l /  kg 
bodyweight. D uring weeks 4 and 5 (the  week o f  dosing 
be ing  week 0 ) ,  1 0  mice were randomly se le c te d  from  each 
group, k i l le d  and ep id idym a l sperm e x tra c te d  fo r  t o t a l  
sperm counts and assessment o f  sperm a b n o rm a lit ie s .
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Two fu r th e r  groups (3 and 4) o f  10 s e x u a lly  m ature male 
mice were in c lu d e d  in  the  s tu d y . One group was g iven  
t h y m i d i n e  i n  t h e  d r i n k i n g  w a t e r  a t  1 0  g /  l i t r e  
c o n t in u a l ly  f o r  6  weeks. Th is  approxim ated to  a dose 
o f  2 .0  g /  kg /  d ay . The o th e r  g roup  r e c e i v e d  ta p  
w ater ad l ib i tu m  as a c o n t ro l.  A t the  end o f  the  6  wk 
p e r io d , a l l  mice were k i l le d  and sub jec ted  to  the  sperm 
s tu d ie s  as above. The w ater consumption o f  each mouse 
in  groups 3 and 4 was measured fo r  the  d u ra tio n  o f  the  
s tu d y .
4 .3 .2  The e f fe c t  o f  th ym id in e  and d e o x y c y tid in e  on 
sperm atogenesis in  m ice .
Two groups (2 and 3) o f  20 s e x u a lly  mature male mice 
(MF1 s t r a in ,  aged 8-9 wks) were g iven  5 consecu tive
i . p .  d a i ly  doses o f  4 g thym id ine  /  kg bodyweight in  
the  morning o f  each day. A correspond ing  group (group 
1 ) o f  2 0  c o n t r o l  m ice  re c e iv e d  th e  d i s t i l l e d  w a te r  
v e h i c l e  a t  a dose  v o lu m e  o f  20 ml /  k g .  I n  t h e  
a f t e r n o o n  o f  each d ay , a n im a ls  in  g roups  1  and 2  
rece ive d  a fu r th e r  1 0  ml /  kg d i s t i l l e d  w ater by i . p  
in je c t io n  w h ile  mice in  group 3 rece ive d  100 mg /  kg 
d e o xycy tid in e  a t  the  same dose volume.
At the beginning of weeks 4 and 5, 10 mice were
randomly selected from each group, killed and subjected
to sperm studies.
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4.3.3 The effect of adenine and thymidine on
sperm atogenesis in  m ice.
Groups o f  28 s e x u a lly  mature male mice (C D -s tra in , 9-10 
wks o ld )  were g iven  5 consecu tive  d a i ly  i . p .  doses o f  
50 , 100 o r  150 mg a d e n in e  /  kg b o d yw e ig h t o r  4 g 
thym id ine  /  kg bodyweight a t  a dose-volume o f  2 0  ml /  
kg. A fu r th e r  group o f  28 mice (c o n tro ls )  were g iven 
2 0  ml /  kg w a te r.
A t  th e  b e g i n n i n g  o f  weeks  4 and 5 ,  10 m ic e  w e re  
randomly se le c te d  from  each group, k i l le d  and sub jec ted  
to  sperm s tu d ie s .
4 .3 .4  The e f fe c t  o f  adenine and thym id ine  on
sperm atogenesis in  F I g e n e ra tio n  m ice.
From the  above s tu d y , a t  the  beg inn ing  o f  weeks 4 and 
5 , 8  males from  each group were p a ire d  w ith  a v i r g in  
u n tre a te d  female fo r  1 week. Each female was a llow ed 
to  g ive  b i r t h  and re a r her l i t t e r .  The F I pups were 
weighed a t  in te r v a ls  d u rin g  the  re a r in g  p e rio d  and the  
F I males were k i l le d  and sub jec ted  to  sperm s tu d ie s  
when they  reached app rox im a te ly  14 weeks o f  age.
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4.3.5 The effect; of thymidine, adenine and
d e o x y c y tid in e  on sperm atogenesis in  m ice.
Two groups (2 and 3) o f  20 s e x u a lly  mature male mice 
( C D - I  s t r a i n ,  a g e d  9 - 1 0  w e e k s )  w e r e  g i v e n  5 
c o n s e c u tiv e  i . p .  d a i l y  doses o f  4 g th y m id in e  /  kg 
bodyweight in  the  morning o f  each day. Two fu r th e r  
groups (4 and 5) o f  20 mice were g iven 100 mg adenine /  
kg B.W. in  the  m ornings. A correspond ing  group (group 
1 ) o f  2 0  c o n t r o l  m ice  r e c e i v e d  t h e  d i s t i l l e d  w a te r 
v e h i c l e  a t  a dose  v o lu m e  o f  20 ml /  k g .  I n  t h e  
a f t e r n o o n  o f  each day a n im a ls  in  g roup s  1 ,2  and 4 
rece ive d  a fu r th e r  1 0  ml /  kg d i s t i l l e d  w ater by i . p .  
in je c t io n  w h ile  mice in  group 3 rece ive d  400 mg /  kg 
d e o xycy tid in e  and those in  group 5 rece ive d  100 mg /  kg 
d e o x y c y t id in e  a t  a dose volum e o f  10 ml /  kg . The 
tre a tm e n t p lan i s  shown below:
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Group Treatment
Dose No. o f  
volume mice
1 . a.m. d i s t i l l e d  w ater 2 0  ml /  kg 2 0
p.m. d i s t i l l e d  w ater 1 0  ml /  kg
2. a.m. 4 g /  kg TdR 20 ml /  kg 20
p.m. d i s t i l l e d  w ater 1 0  ml /  kg
3. a.m. 4 g /  kg TdR 20 ml /  kg 20
p.m. 400 mg /  kg dCYD 10 ml /  kg
4. a.m. 100 mg /  kg Ad 20 ml /  kg 20
p.m. d i s t i l l e d  w ater 1 0  ml /  kg
5. a.m. 100 mg /  kg Ad 20 ml /  kg 20
p.m. 100 mg /  kg dCYD 10 ml /  kg
TdR = thym id ine  
dCYD = d e o xycy tid in e
At the beginning of weeks 4 and 5, 10 mice were
randomly selected from each group, killed and subjected
to sperm studies.
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4 .3 .6 The e f fe c t  o f  th ym id in e  on sperm atogenesis in  r a ts
Two groups o f  8  s e x u a lly  mature male ra ts  (Osborne -  
Mendel s t r a in ,  aged approx. 9 wks) were g iven e ith e r  5 
c o n s e c u t i v e  d a i l y  d o s e s  o f  4 g th y m id in e  /  kg 
bodyweight by i . p  in je c t io n  o r w ater a t  a dose volume 
o f  40 ml /  kg. Two fu r th e r  groups o f  8  r a ts  were g iven  
e ith e r  5 consecu tive  d a i ly  doses o f  0 .1  g thym id ine  /  
kg by i . v .  in je c t io n  o r w a ter a t  a dose volume o f  1 0  ml 
/ k g .  A t the  beg inn ing  o f  week 5, the  ra ts  were k i l le d  
and sub jec ted  to  sperm s tu d ie s .
4 .3 .7  The e f fe c t  o f  adenine on sperm atogenesis in  r a ts .
Groups o f  20 s e x u a lly  mature male ra ts  (CD s t r a in ,  aged 
ap p ro x .  9 -10  wks) were g iv e n  5 c o n s e c u tiv e  d a i l y
i.p .d o s e s  o f  50,100 o r 150 mg adenine /  kg bodyweight 
a t  a dose volume o f  10 ml /  kg. A fu r th e r  group o f  20 
ra ts  (c o n tro ls )  rece ive d  1 0  ml /  kg w a te r.
At the beginning of weeks 4 and 5, 10 rats were
randomly selected from each group, killed and subjected
to sperm studies.
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4.4 RESULTS
4 .4 .1  The e f fe c t  o f  th ym id in e  on sperm atogenesis in  m ice.
The mean d a l ly  w ater in ta k e s  o f  mice g iven thym id ine  in  
th e  d r in k in g  water a re  shown in  Table 4 .1 . The tre a te d  
a n im a ls  c o n s is te n t ly  d ra n k  more th a n  th e  c o n t r o l s  
th ro u g h o u t th e  s ix  week p e r io d  and th e  d i f f e r e n c e s  
reached s t a t i s t i c a l  s ig n if ic a n c e  by week 3.
Table 4 .1  Mean w ater in ta k e  o f  m ice g iven  0 o r  2 q /kq /d a y
thym id in e  in  th e  d r in k in g  w a te r f o r  6 weeks.
CD-1 strain
Dose _______ Intake(m l/m ouse/day) d u rin g  week No.
Group 1 2 3 4 5 6
C o n tro l 6.74 5.84 5.78 5.13 5.33 5.32
( 2 . 0 2 ) (1 .32) (1.08) (1.23) (1 .09) (1.57)
Thymidine 8.61 7.31 7 .5 0 ** 6 .67* 7 .14 * 6 .77*
(2.07) (1 .87) (0.96) (1.79) (1.72) (1.53)
F igu res  in  p a re n th e s is  a re  the  s tandard  d e v ia t io n s . The f ig u re s  
a re  th e  means f o r  g roups  o f  10 m ic e .  * £ < 0 . 0 5 ;  * * P < 0 . 0 1 ;  by 
a n a ly s is  o f  va rian ce  and S tudents t - t e s t .
There were no d iffe re n c e s  from  c o n tro l in  te s te s  w e ig h t, 
caudae w e igh t o r bodyweight. The t o ta l  number o f  ep id idym a l 
s p e r m  f r o m  t h e  m i c e  g i v e n  t h y m i d i n e  by  b o t h  t h e
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in t r a p e r i t o n e a l  and o r a l  r o u t e s  was c o n s is te n t ly  lo w e r 
c o m p a r e d  t o  c o n t r o l  b u t  t h e  d i f f e r e n c e s  w e r e  n o t  
s t a t i s t i c a l l y  s ig n i f ic a n t  and th e re  were no d iffe re n c e s  when 
the  sperm numbers were expressed as c o n c e n tra tio n  in  the  
ep id idym a l f l u i d  (Table 4 .2 ) .
The percentage o f  abnormal sperm among mice g iven  thym id ine  
by i . p .  in je c t io n  was s ig n i f ic a n t ly  g re a te r than c o n tro l a t  
b o th  weeks 4 and 5 ,  th e  maximum e f f e c t  b e in g  a t  week 4 
(Tab le  4 . 3 ) .  The g roup  o f  m ice  g iv e n  th y m id in e  in  th e  
d r in k in g  w ater fo r  6  weeks a ls o  showed an in c rea se  in  the  
p ro p o rt io n  o f  abnormal sperm compared to  c o n tro l a lthough  
the  d if fe re n c e  was n o t s t a t i s t i c a l l y  s ig n i f ic a n t .
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Table 4.2 The effect of thymidine on sperm numbers in mice.
CD-1 strain'.
Route and 
dose group
T o ta l sperm 
count x 1 0
sperm/Jul ep id idym a l 
f l u i d  x 1 0 5
i . D .  in je c t io n
Week 4
C o n tro l 112.4 31.0
(16 .3 ) ( 2 . 1 )
4g/kg TdR 96.5 31.7
(20.5) (5 .3)
Week 5
C o n tro l 90.9 32.3
(30.1) (7 .0 )
4g/kg TdR 78.0 34.1
(26.4) (3.7)
d r in k in q  water
Week 6
C o n tro l 115.7 32.3
(19.5) (2 .5 )
2g/kg TdR 95.9 34.5
(32.9) (4 .8 )
The f i g u r e s  in  p a re n th e s is  a re  th e  s ta n d a rd  d e v ia t io n s .  The
f ig u re s  are  the  means fo r  groups o f  1 0  m ice.
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Table 4.3 The effect of thymidine on sperm abnormalities
in  m ice
CD-1 strainj
Route and % Sperm a b n o rm a lit ie s
Week No. C o n tro l Thymidine
i . p .  in je c t io n
4 7.2 27.7*#
(3 .0 ) (19 .1)##
5 8 . 1 15.8##
(3 .7 ) (6 .4)
d r in k in g  w ater
6 9.1 15.0
(4 .2 ) ( 8 . 0 )
Figures in parenthesis are the standard 
deviations. The figures are the means for 
groups of 10 mice. *j?<0.05; **^<0.01 by
analysis of variance and Student's t-test.
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4.4.2 The effect of thymidine and deoxycytidine on
sperm atogenesis in  m ice.
There were no d i f f e r e n c e s  in  numbers o f  e p id id y m a l 
sperm between the  c o n tro l and tre a te d  mice a t  week 4. 
A lthough th e re  were no s t a t i s t i c a l  d iffe re n c e s  between 
g roup s  a t  week 5 , th e re  was e v id e n c e  o f  a s l i g h t  
r e d u c t i o n  i n  spe rm  num be rs  i n  t h o s e  m ic e  g i v e n  
thym id ine  o n ly  (Table 4 .4 ) .
Table 4 .4  The e f fe c t  o f  thym id in e  and d e o x y c y tid in e  on sperm
numbers  I n MF1 s t r a in
Treatment
T o ta l sperm 
count x 1 0 ^
S p e m /p l ep id idym a l 
f l u i d  x 1 0 5
Week 4
C o n tro l 24.5 49.0
( 8 . 6 ) (14.6)
TdR o n ly 26.7 45.1
(13 .3 ) ( 6 . 2 )
TdR + dCYD 35.6 47.9
(20.3) (19 .5 )
Week 5
C o n tro l 38.0 44.5
(14.7) (9 .4 )
TdR o n ly 31.4 37.9
(14.9) (9 .7 )
TdR + dCYD 43.1 41.3
(2 2 . 0 ) (3 .7 )
F igu res  in  p a ren the s is  are the  s tandard  d e v ia t io n s . The f ig u re s  
are  the  means fo r  groups o f  1 0  m ice.
TdR = thym id ine  ; dCYD = d e o x y c y tid in e .
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A t week 4 , th e re  were no s ig n i f i c a n t  d i f f e r e n c e s  f rom  
c o n tro l in  the  frequency o f  abnormal sperm, a lthough  the  
group g iven  thym id ine  to g e th e r w ith  de o xycy tid in e  showed a 
s l ig h t  in c re a se . A t week 5 , t h is  group was comparable to  
c o n tro l whereas th e re  was evidence o f  an in c rea se  in  the  
p ro p o rt io n  o f  sperm a b n o rm a lit ie s  among those mice g iven 
thym id ine  o n ly  (Table 4 . 5 ) .
Table 4 .5  The e f fe c t  o f  thym id in e  and d e o x y c y tid in e  on
sperm a b n o rm a lit ie s  in  m ice.
! MF1 strain
% sperm a b n o rm a lit ie s
C o n tro l TdR o n ly TdR + dCYD
Week 4 9.7 7.2 14.5
(5 .17) (3.89) (9.56)
Week 5 1 0 . 6 12.5 1 1 . 0
(4.75) (4.42) (4.45)
F igu res  in  p a re n th e s is  are  the  s tandard  d e v ia t io n s . The f ig u re s  
are the  means fo r  groups o f  1 0  m ice.
TdR = thym id ine  ; dCYD = d e o x y c y tid in e .
4 .4 .3  The e f fe c t  o f  adenine and th ym id in e  on
sperm atogenesis in  m ice .
The o n ly  s i g n i f i c a n t  decrea se  in  th e  t o t a l  sperm 
numbers and c o n c e n tra tio n  o f  sperm in  the  ep id idym a l 
f l u i d  was in  mice g iven 1 0 0  mg /  kg adenine and k i l le d  
a t  week 4 (Table 4 . 6 ) .  A l l  o th e r tre a te d  groups were 
s im ila r  to  c o n tro ls  a t  both sam pling tim es .
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Table 4.6 The effect of thymidine and adenine on sperm
numbers in  m ice. 
CD-1 strain|
Treatment
T o ta l sperm 
coun t x 1 0
Sperm/iul ep id idym a l 
f l u i d  x 1 0 5
Week 4
C o n tro l 25.3 4.3
(8 .4) ( 0 . 6 )
50 mg/kg adenine 23.8 4.2
(5 .2) ( 0 . 6 )
1 0 0  mg/kg adenine 9.2*## 3 .4 *
(2 . 6 ) (0 .9)
150 mg/kg adenine . 2 1 . 0 4.2
(6.4 ) (0 .7 )
4 g /kg  thym id ine 2 0 . 0 4.5
(5 .1 ) (0 .7)
Week 5
C o n tro l 8 .9 5 .0
(4 .5 ) ( 1 . 1 )
50 mg/kg adenine 6 . 2 4.5
(2.9) ( 1 . 1 )
1 0 0  mg/kg adenine 7.4 4.6
(6 . 2 ) (1 .4 )
150 mg/kg adenine 1 1 . 1 5.1
(3.7) (0 .9)
4 g /kg  thym id ine 10.7 5.4
(3.5) (1 .9)
F igu res  in  parentheses are the  standard  d e v ia t io n s . The f ig u re s
are the  means o f  1 0  m ice.
*P<0.05 ; ***P<0.001 by a n a ly s is  o f  va riance  and S tu d e n t's  t -  
te s t .
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There was a dose -  r e la te d  in c re a s e  in  th e  fre q u e n c y  o f  
abnormal sperm in  those mice g iven  adenine a t  week 4 , which 
reached s t a t i s t i c a l  s ig n if ic a n c e  in  the  100 and 150 mg /  kg 
groups. The group g iven thym id ine  a lso  showed a s ig n i f ic a n t  
in c rea se  in  abnormal sperm compared to  c o n tro l (Table 4 .7 ; 
F ig u re  4 .2 ) .  A t week 5 , a l l  groups g iven adenine showed a 
s ig n i f ic a n t  in c rea se  in  sperm a b n o rm a lit ie s  a lthough  a t  the  
h ig h e s t two le v e ls  the  e f fe c t  was no t as g re a t as th a t  seen 
a t  week 4 , and th e re  was no d if fe re n c e  between these two 
groups. The group g iven  thym id ine  and k i l le d  a t  week 5 , 
w h ile  no t s ig n i f ic a n t ly  d i f f e r e n t  from  c o n t ro l,  s t i l l  showed 
a m arg ina l increase  in  the  p ro p o rt io n  o f  abnormal sperm.
Table 4 .7  The e ffe c t o f thymidine and adenine on sperm
abnorm alities in  mice
CD-1 s t ra in  5
Group % Sperm a b n o rm a lit ie s
Week 4 Week 5
C o n tro l 7.5 6.3
(6 .37) (3 .20)
50 mg/kg adenine 15.3 16.5##
(11.40) (8 .99)
1 0 0  mg/kg adenine 33.5## 23.3##
(27.09) (14.06)
150 mg/kg adenine 38.9### 2 1 . 8 #K#
(21.56) (9 .54)
4 g /kg  thym id ine 2 1 . 1 # 1 1 . 0
(18.53) (9 .36)
F igu res in  parentheses ae the  s tandard  d e v ia t io n s . The f ig u re s  
a re  th e  means f o r  g roups  o f  10 m ic e . #£<0.05  ; ##£<0 .01  ; 
###£<0.001 by a n a ly s is  o f  va rian ce  and the  procedure o f  Least 
S ig n i f ic a n t  D iffe re n c e .
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Fig. 4.2
Frequency of Abnormal Sperm in Mice given Adenine and Thymidine
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The bars indicate the standard errors *
*!P^0.05; **P^0.01; ***]?<. 0.001 by comparison with the control 
(analysis of variance and the procedure of Least Significant Difference)
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4,4 .4 The effect of adenine and thymidine on
spermatogenesis in  F I generation mice.
A t weeks 4 and 5 th e re  was evidence o f  s l i g h t l y  reduced 
mean pup w e igh t ga in  in  the  l i t t e r s  o f  males g iven  150 
mg /  kg a d e n in e  a lth o u g h  th e  g roup  s iz e s  were v e ry  
s m a ll. (Table 4 .8 ) .  Th is  was due to  se ve ra l o f  the  
males dy ing  in  t h is  group. There were no d if fe re n c e s  
in  te s te s  w e ig h t, caudae w e igh t o r sperm numbers in  the  
male mice o f  the  F I g e n e ra tio n .
The re s u lts  o f  the  exam ination  o f  the  sperm o f  th e  F I 
g e n e r a t io n  f o r  m o r p h o lo g ic a l  a b n o r m a l i t ie s  a re  
presented by the  method o f  Wyrobek and Bruce (1978). 
The f in a l  score ob ta ined  i s  the  f r a c t io n  o f  a f fe c te d  
descendants, th a t  i s ,  the  f r a c t io n  o f  male progeny w ith  
e leva ted  sperm a b n o rm a lit ie s , (F igu re  4 .3 ) .  There was 
an inc rease  in  the  frequency o f  a f fe c te d  descendants 
from  a l l  those males g iven  adenine and k i l le d  a t  week 4 
a lthough  th e re  was no dose -  r e la t io n s h ip .  There was 
a ls o  a p o s it iv e  r e s u l t  among the  o f fs p r in g  o f  the  males 
g iven thym id in e .
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Table 4.8 Mean pup data from litters of males given
adenine and thymidine
Group
Mean pup 
w t.day  2
Mean pup 
w t.day  2 1
Mean pup 
w t. ga in
No. pups 
day 2 1 .
C o n tro l 2 .3
Week 4 
1 1 . 6 9.3 9 .8
(0 .39) (1 .73 ) (1 .43) (1 .26 )
50 mg/kg Ad. 2.4 11.4 9.0 1 1 . 1
(0 .29) (1 .46 ) (1 .25) (1 .64 )
100 mg/kg Ad. 2.4 12.3 9 .9 1 1 . 2
(0 .19) (1 .19 ) (1 .17) (1 .60)
150 mg/kg Ad. 2.3 10.9 8 . 6 9.0
( 0 . 1 0 ) ( 1 . 2 0 ) (1 .13) (5 .20)
4 g /kg  TdR 2.4 1 1 . 2 8 . 8 1 0 . 2
(0 .19) (0 .98 ) (0 .85) (1 .94)
Week 5
C o n tro l 2 .5 10.7 8 . 2 9.2
( 0 . 2 1 ) (1 .58) (1 .41) (5 .04 )
50 mg/kg Ad. 2 . 6 11.5 9.9 10.4
(0 .25) (2 .95 ) (2 .93) (3 .91 )
100 mg/kg Ad. 2.4 10.3 7 .9 1 2 . 0
(0 .41) (2 .61 ) (2 .25) (3 .16 )
150 mg/kg Ad. 2 . 8 9.7 6 .9 1 2 . 0
(0 .49) ( 0 . 2 1 ) (0 .71) (1 .42)
4 g /kg  TdR 2.5 1 0 . 6 8 . 2 10.7
( 0 . 2 2 ) (1 .49) (1 .32) (2 .42 )
Ad. = adenine
TdR ~ thym id ine
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4.4.5 The effect of thymidine, adenine and deoxycytidine
on spermatogenesis in  mice.
A t week 4 , th e re  were s l ig h t  re d u c tio n s  in  the  number 
o f  ep id idym a l sperm in  the  mice g iven adenine and a lso  
in  the  mice g iven adenine to g e th e r w ith  d e o x y c y tid in e . 
There were no d i f f e r e n c e s  from  c o n t r o l  a t  week 5 . 
(Table 4 .9 ) .
There were inc reases  in  the  frequency o f  abnormal sperm 
among those mice g iven  o n ly  thym id ine  and o n ly  adenine 
a t  week 4 . H o w e v e r, when th e  m ic e  w e re  g iv e n  
de o xycy tid in e  w ith  the  thym id ine  the  number o f  sperm 
a b n o rm a lit ie s  were comparable to  c o n t ro l,  and th e re  was 
o n ly  a s l i g h t ,  n o n - s ig n i f i c a n t  in c re a s e  in  numbers 
among the  mice g iven  adenine and d e o x ycy tid in e  (Table 
4 .1 0 ) .  A t week 5 th e re  were no d i f f e r e n c e s  fro m  
c o n tro l in  the  frequency o f  abnormal sperm.
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Table 4.9
*
The effect of thymidine, adenine and deoxycytidine on
sperm numbers in  mice.
| CD-1 strain j
Treatment
T o ta l sperm 
coun t x 1 0
sperm /ul ep id idym a l 
f l u i d  x 1 0 5
Week 4
C o n tro l 1 1 . 8 4.8
(7 .56) (1 .45)
TdR o n ly 15.5 4.0
(8 .16) (0 .80)
TdR + dCYD 14.4 4.4
( 8 . 0 0 ) (1 .28)
Ad. o n ly 9 .6 3.6#
(4 .12) (0 .57)
Ad. + dCYD 5.5 2.7##
(4 .12) (0 .85)
C o n tro l
Week 5
7.7 3.4
(3 .32) (0 .79)
TdR o n ly 8 . 1 3.4
(2.84) (0 .51)
TdR + dCYD 6 . 6 3.4
(2 .71) (0 .52)
Ad. o n ly 8.9 3.7
(3 .99) (0 .85)
Ad. + dCYD 8 . 2 3.1
(4 .00) (1 .05)
F igu res  in  parentheses are  the  standard  d e v ia t io n s . The f ig u re s  
a re  th e  means f o r  g roups  o f  10 m ic e . #£<0.05  ; ##£<0 .01  by 
a n a ly s is  o f  va rian ce  and S tudents t - t e s t .  TdR = th ym id in e  ; 
Ad. = adenine ; dCYD = d e o x y c y tid in e .
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Table 4.10 The effect of thymidine, adenine and deoxycytidine on
sperm abnorm alities in  mice. 
| CD-1 strain |
Group
% Sperm a b n o rm a lit ie s
Week 4 Week 5
C o n tro l 7 .0 7.1
(3 .62) (3 .33)
TdR o n ly 13.4 4.3
(1 1 . 1 2 ) (3 .39)
TdR + dCYD 5.1 6.5
(2 .07) (4 .06)
Ad. o n ly 13.4# 6.7
(6 .81) (2 .96)
Ad. + dCYD 9.3 5.7
(7 .12) (3 .42)
F igu res  in  pa re n th e s is  are  the  s tandard  d e v ia t io n s . The f ig u re s  
are  the  means fo r  groups o f  10 m ice. #£<0.05 by a n a ly s is  o f  
va riance  and the  procedure o f  Least S ig n i f ic a n t  D iffe re n c e .
TdR = thym id in e  ; Ad. -  adenine ; dCYD = d e o x y c y tid in e .
4 .4 .6  The e ffe c t o f thymidine on spermatogenesis in  ra ts
The ra ts  g iven  thym id ine  by the  in traven ous  ro u te , bu t 
no t by the  in tra p e r i to n e a l ro u te , had s ig n i f ic a n t ly  
fe w e r sperm th a n  th e  c o n t r o ls  (T a b le  4 .1 1 ) .  The 
c o n c e n tra t io n  o f  sperm in  th e  r a t s  g iv e n  th y m id in e  
in t r a - p e r i to n e a l ly  was lower than c o n t ro l,  bu t t h is  was 
due to  a h ighe r ep id idym a l f lu i d  volume and n o t to  a 
re d u c tio n  in  sperm numbers.
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Table 4.11 The effect of thymidine on sperm numbers in rats.
Osborne-Mendel strain j
Group and 
ro u te
T o ta l sperm 
count x 1 0
Sperm/jul ep id idym a l 
f l u i d  x 1 0 5
i . p .  in je c t io n
C o n tro l 221.7 18.9
(98 .2 ) (3 .1 )
4 g /kg 216.7 15 .0*
thym id ine (94 .2 ) (4 .0 )
i . v .  in je c t io n
C o n tro l 351.9 18.1
(74 .5 ) (3 .1 )
0 . 1  g /kg 225.7*# 15.0
thym id ine (93.2) (4 .8 )
The f ig u re s  in  p a ren the s is  a re  the  s tandard  d e v ia t io n s . The 
f ig u re s  are  the  means fo r  groups o f  8  r a ts .  #JP<0.05 ; #*P<0.01 
by a n a ly s is  o f  va rian ce  and S tudents t - t e s t .
The percentage o f abnormal sperm among ra ts  g iven  thym id ine  
by both  the  i . p .  and i . v .  ro u te s  was g re a te r than c o n tro l 
(T a b le  4 .1 2 )  b u t th e  d i f fe r e n c e s  were n o t  s t a t i s t i c a l l y  
s ig n i f ic a n t .  These increases  were due to  the  a b n o rm a lit ie s  
b e in g  p re s e n t in  one r a t  o n ly  from  each t r e a te d  g roup  
(36.3% ) abnorm a l sperm a f t e r  i . p .  i n je c t io n  and 98.0% 
abnorm a l sperm a f t e r  i . v .  i n j e c t i o n ) .  The in c id e n c e  o f  
a b n o rm a lit ie s  in  a l l  o th e r tre a te d  ra ts  approxim ated to  
the  background le v e l o f  3%.
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Table 4.12 The effect of thymidine on sperm abnormalities
in  ra ts .
Osborne-Mendel strain j
% Sperm a b n o rm a lit ie s
Route C o n tro l Thymidine
i . p .  in je c t io n 3.7 6.4
( 2 . 8 ) ( 1 2 . 1 )
i . v .  in je c t io n 2 . 2 13.7
(0 .9 ) (34 .1 )
The f ig u re s  in  parentheses are  the  s tandard  d e v ia t io n s . F igu res  
are  the  means fo r  groups o f  8  r a ts .
4 .4 .7  The e ffe c t o f adenine on spermatogenesis in  ra ts .
There were no d iffe re n c e s  in  sperm numbers between any 
tre a te d  group and c o n tro l a t  e i th e r  tim e  p o in t  (Table 
4 .1 3 ) .
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Table 4.13 The effect of adenine on sperm numbers in rats.
CD strain j
Group
T o ta l sperm 
count x 1 0
SpermAil ep id idym a l 
f lu i d  x 1 0 5
Week 4
C o n tro l 451.9 16.9
(53.88) (1 .74)
50 mg/kg Ad. 423.8 16.3
(195.6) (3 .86 )
100 mg/kg Ad. 395.9 16.9
(99.74) (2 .26 )
150 mg/kg Ad. 427.5 14.8
(187.0) (3 .62 )
Week 5
C o n tro l 482.4 17.2
(99.28) (1 .96 )
50 mg/kg Ad. 448.5 18.1
(197.3) (4 .04 )
100 mg/kg Ad. 406.4 17.6
(136.4) (2 .99 )
150 mg/kg Ad. 363.5 18.3
(155.8) (3 .88 )
F igu res  in  parentheses are  th e  s tandard  d e v ia t io n s . The f ig u re s  
a re  the  means fo r  groups o f  1 0  r a ts .
A t week 4 the  frequency o f  abnormal sperm was s im ila r  in  
both tre a te d  and c o n tro l groups (Table 4 .1 4 ) . A t week 5 
how ever, th o s e  r a t s  g iv e n  150 mg /  kg a d e n in e  showed an 
in c rea se  in  the  percentage o f  sperm a b n o rm a lit ie s  bu t the  
d if fe re n c e  was no t s t a t i s t i c a l l y  s ig n i f ic a n t .  Th is  in c rea se  
was due to  the  a b n o rm a lit ie s  being p resen t o n ly  in  4 o f  the  
10 r a ts ,  two o f  which had le v e ls  o f  98 and 100%.
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Table 4.14 The effect of adenine on sperm abnormalities
in  ra ts .
CD strain (
% Sperm a b n o rm a lit ie s
Group Week 4 Week 5
C o n tro l 2 . 6 1.4
(0 .80) (1 .06)
50 mg/kg Ad. 1.4 3 .2
( 0 . 6 8 ) (4 .67)
100 mg/kg Ad. 2 . 2 2.3
(2 .24) (1 .32)
150 mg/kg Ad. 2 . 8 23.5
(1 .94) (40.02)
F igu res  in  p a ren the s is  .are the  s tandard d e v ia t io n s . F ig u re s  are
the  means fo r  groups o f 10 r a ts .  Ad. = adenine.
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4.5 DISCUSSION
The s e r ie s  o f  s tu d ie s  re p o rte d  in  t h is  chap te r in d ic a te  th a t  
balanced p recu rso r poo ls  are necessary to  m a in ta in  accura te  
r e p l ic a t io n  o f  DNA in  v iv o .
The i n i t i a l  s tu d ie s , when excess thym id ine  was adm in is te red  
to  m ice  by e i t h e r  in t r a p e r i t o n e a l  i n je c t io n  o r  o r a l l y ,  
caused increases  in  the  p ro p o rt io n  o f  abnormal sperm 4 weeks 
a f te r  tre a tm e n t. However, thym id ine  i s  ex trem e ly  n o n -to x ic  
in  v iv o  and th e re  were p r a c t ic a l  d i f f i c u l t i e s  in  g iv in g  
s u f f ic ie n t  thym id ine  to  cause an e f fe c t .  The complementary 
p u r in e ,  a d e n in e , has a much h ig h e r  in  v iv o  t o x i c i t y  and 
th e re fo re  a normal dosing regimen cou ld  be in i t ia t e d .  The 
re s u lts  show th a t  adenine a ls o  increased  the  p ro p o rt io n  o f  
abnorm a l sperm a t  week 4 and t h a t  th e  e f f e c t  was do se - 
re la te d .
F ind in gs  in  v i t r o  have shown the  m utagenic e f fe c ts  o f  an 
excess o r  a d e p le t io n  o f  th y m id in e  to  be r e la te d  to  an 
imbalance in  the  n u c le o tid e  pool (M o rris  & F is c h e r, 1963; 
D av idson  & Kaufman, 1978 ; Yang e t a l , 1966; B ra d le y  6c 
Sharkey, 1978). The re s u lts  o f  the  s tu d ie s  here , when the  
a d m in is tra t io n  o f  d e o xycy tid in e  abo lished  the  e f fe c ts  o f  
excess thym id ine  o r adenine on sperm atogenesis show th a t  
s im ila r  re la t io n s h ip s  e x is t  in  v iv o . However, the  re s u lts  
o f  th e  f i r s t  s t u d y ,  when d e o x y c y t id in e  was g iv e n  i n  
c o n ju n c tio n  w ith  thym id ine  were d is a p p o in tin g  in  th a t  the
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MF1 m ic e  d id  n o t  have  th e  la r g e  in c r e a s e s  i n  spe rm  
a b n o r m a l it ie s  seen in  th e  C D -I m ice . The MF1 m ice  were 
s m a lle r than the  C D -I’ s ,  had a lower ep id idym a l f l u i d  volume 
and th e re fo re  a lower t o t a l  sperm coun t. I t  i s  known th a t  
le v e ls  o f  sperm a b n o rm a lit ie s  va ry  w id e ly  between s t ra in s  
(W y ro b e k , 1 9 7 9 ) and f ro m  o th e r  r e s u l t s  w i t h i n  t h i s  
la b o r a to r y  i t  i s  e v id e n t  t h a t  th e  germ c e l l s  o f  th e  MF1 
mouse show much g re a te r in d iv id u a l m orpho log ica l v a r ia b i l i t y  
than those o f  the  CD-I.
The la c k  o f  a c o n s is te n t e f fe c t  on sperm numbers in  mice 
in d ic a te s  t h a t  a lth o u g h  th y m id in e  and a d e n in e  caused 
m orpho log ica l changes in  the  c e l ls  a t  a p a r t ic u la r  s tage  in  
t h e ir  development, these changes were n o t s u f f i c ie n t  to  be 
le th a l .  There was a g re a te r e f fe c t  on sperm numbers when 
thym id ine  was g iven to  ra ts  however, and i t  i s  p o s s ib le  th a t  
th e  c e l l s  c a r r y in g  th e  m o rp h o lo g ic a l d i f f e r e n c e s  were 
s e le c t iv e ly  k i l le d .  In  any sperm p o p u la tio n  tre a te d  w ith  a 
m utagen th e re  w i l l  be a sp e c tru m  o f  damage. S e le c t io n  
pressures w i l l  tend to  e lim in a te  the more s e v e re ly  changed 
sperm so t h a t  th e  more r e s is t a n t  f r a c t io n  w i l l  rem a in  
(Anderson e t  a l , 1981b). Th is  may e x p la in  why th e re  were 
fewer sperm among tre a te d  r a ts .  A lso se ve ra l known mutagens 
have been known to  reduce  sperm numbers in  m ice  (Lu & 
M e is tr ic h ,  1979) in d ic a t in g  th a t  a g e n e tic  mechanism may be 
in v o lv e d .
A lthough the  inc ide nce  o f  the  sperm a b n o rm a lit ie s  in  the
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r a t s  was n o t s i g n i f i c a n t l y  d i f f e r e n t  fro m  c o n t r o ls ,  two 
anim als each g iven thym id ine  by a d i f f e r e n t  ro u te  and two 
g iven 150 mg adenine /  kg showed ve ry  la rg e  inc reases  in  
abnormal sperm, w h i ls t  two more g iven  adenine had le v e ls  
w e ll above the  c o n tro ls .
I t  i s  known th a t  spontaneous le v e ls  o f  abnormal sperm are 
rem arkab ly c o n s is te n t (Wyrobek, 1979) and h is to r ic a l  data 
from  th is  la b o ra to ry  have shown th a t  ra ts  have a ve ry  low 
background le v e l o f  sperm a b n o rm a lit ie s  (2 in  200 above 5%). 
Th is  would suggest th e re fo re ,  th a t  increases such as those 
seen in  these ra ts  a re  ex tre m e ly  unusual. I t  i s  e v id e n t 
however, th a t  mice are  more s u s c e p tib le  to  the  m utagenic 
e f fe c ts  o f  DNA p recu rso r poo l imbalances as measured by the  
sperm morphology assay.
S ince the  k in e t ic s  o f  sperm atogenesis in  the  mouse and r a t  
are  w e ll e s ta b lis h e d  (Oakberg, 1957; Roosen-Runge, 1977) i t  
i s  p o s s ib le  to  determ ine a t  which stage o f  development the  
germ c e l ls  were a ffe c te d  by the  excess bases. The maximum 
e f fe c t  in  the  mouse was seen a t  week 4 and in  the  r a t  a t  
week 5 , th a t  i s  when the  sperm were sampled 23-25 days o r 
30-35 days a f t e r  t re a tm e n t  r e s p e c t iv e ly .  T h is  w ou ld  
in d ic a te ,  in  b o th  s p e c ie s ,  t h a t  i t  was th e  m id  to  la t e  
pachytene sperm atocytes th a t  were a ffe c te d . These c e l ls  a re  
about to  e n te r the  f i r s t  m e io t ic  d iv is io n .  The la s t  m e io t ic  
DNA syn th e s is  takes p lace d u rin g  the  p re - le p to te n e  stage 
(M o n e s i, 1962) t h a t  i s  32-33 days (m ice ) o r  42 -44  days
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( r a t s )  b e fo re  th e  m a tu re  sperm atozoa  reach  th e  cauda 
ep id id ym is  and th e re fo re  the  excess thym id ine  o r adenine 
cou ld  no t have been in c o rp o ra te d  d u rin g  scheduled m e io t ic  
DNA r e p l ic a t io n .
Experim ents w ith  v a rio u s  in  v i t r o  DNA s y n th e s is  systems have 
shown th a t  r e p l ic a t io n a l f i d e l i t y  i s  s tro n g ly  dependant upon 
c o r re c t ly  balanced c o n c e n tra tio n s  o f  n u c le o tid e  s u b s tra te s  
in  th e  re a c t io n  m ix tu re  (Loeb & Kunkel, 1982). Unbalanced 
p recu rso r poo ls  a re  though t to  m ediate m u ta tio n a l even ts  by 
base m is in c o rp o ra tio n  in to  DNA, and th e re fo re  unscheduled 
DNA S yn thes is  (UDS) must be o c c u rr in g  d u rin g  the  pachytene 
stage o f  sperm atogenesis. I t  has been shown th a t  UDS occurs 
in  s p e rm a to g e n ic  c e l l s  f o l lo w in g  expo su re  to  X - ra y s  o r  
mutagenic chem ica ls (E h lin g , 1971; Schroder & Hug, 1971; 
E h lin g  e t  a l , 1 9 7 2 ), b u t t h i s  i s  a r e p a i r  mechanism in  
response to  DNA damage by those agents. However, a lthough  
n e a rly  a l l  DNA s y n th e s is  ceases be fo re  the  le p to te n e  s tage , 
M e is t r ic h  e t  a l ,  (1975) and H o tta  & S te rn ,  (1974 ) have 
demonstrated a sm a ll amount o f  DNA r e p l ic a t io n  d u r in g  the  
pachytene stages o f  m e ios is . L a te r , t h is  DNA s y n th e s is  was 
shown to  be re p a ir  r e p l ic a t io n  as a r e s u lt  o f  s in g le  s tra n d  
n ic k in g  o f  DNA, w h ich  in  tu r n  i s  a s s o c ia te d  w i th  th e  
c r o s s in g  o v e r  t h a t  o c c u rs  i n  pach>fene and d ip lo t e n e  
sperm atocytes (H o tta  e t  a l , 1977). Chromosomal c ro s s in g  
over invoves b reak ing  the  s in g le  m aterna l and p a te rn a l DNA 
double h e lic e s  in  each o f  the  two chrom atids and r e jo in in g  
them to  each o th e r in  a re c ip ro c a l fa s h io n . T h is  g e n e tic
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recom bination  has the  e f fe c t  o f  in c re a s in g  the  d iv e r s i t y  o f  
gene c o m b in a t io n  i n  th e  p o p u la t io n .  I t  i s  p ro b a b le  
t h e r e fo r e ,  g iv e n  t h i s  e v id e n c e  o f  UDS, t h a t  th e  bases 
adm in is te red  to  the  an im als in  these experim ents, were m is - 
in c o rp o ra te d  in t o  th e  DNA d u r in g  th e  p rophase  s ta g e  o f  
sperm atogenesis. Th is  would conform w ith  the  s u p p o s itio n  
t h a t  excess th y m id in e  o r  a d e n in e  le a d s  to  G:C to  A :T 
t r a n s i t io n  m u ta tio n .
D esp ite  the  la rg e  inc reases  in  abnorm ally  shaped sperm in  
th e  a d e n in e  g roup s  th e re  was no re d u c t io n  in  f e r t i l i t y .  
However, th e re  was evidence o f  a s l i g h t ly  lower pup w e igh t 
ga in  in  the  o f fs p r in g  o f  the  h ig h e s t adenine group. Th is  
phenomenon is  g e n e ra lly  assoc ia ted  w ith  m ate rna l t o x ic i t y  
bu t th e re  may be many reasons why i t  shou ld  be m ediated by 
th e  m a le .  A t  p r e s e n t ,  and s in c e  th e  e f f e c t  was n o t  
p a r t ic u la r ly  severe , i t  i s  no t p o s s ib le  to  v e r i f y  th e  exac t 
mechanism in v o lv e d .  The in c re a s e s  in  numbers o f  m ale 
progeny w ith  sperm a b n o rm a lit ie s  demonstrates th a t  the  germ 
m uta tions  induced in  the  FO gen e ra tion  can be tra n s m itte d . 
The score ob ta ined  w ith  the  F I gene ra tion  i s  in  c o n tra s t to  
t h a t  o b ta in e d  w i t h  th e  FO a n im a ls .  In  th e  l a t t e r ,  
p o p u la tio n s  o f  sperm a re  considered whereas in  the  F I the  
score i s  ob ta ined  from  the  p o p u la tio n  o f  mice (Wyrobek & 
B ru c e , 1 9 7 8 ). In  th e  s tu d y  re p o r te d  h e re , th e re  were 
d e f in i t e  inc reases  over c o n t ro l,  in  the numbers o f  m ice w ith  
e leva ted  frequency o f  abnormal sperm.
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These r e s u l t s  in d ic a te  t h a t  th y m id in e  and a d e n in e  cause 
q u a l i t a t iv e ly  s im ila r  e f fe c ts  in  v iv o  as they  do in  v i t r o . 
S ince v i r t u a l l y  a l l  m urine germ c e l l  mutagens th a t  have been 
te s te d , induce sperm-shape a b n o rm a lit ie s  in  mice (Wyrobek & 
B ru c e , 1978? B ruce & H e d d le , 1979; Topham, 1980 a , b ; 
W yrobek e t  a l , 1983) and th e  sperm m orp ho logy  assay  i s  
though t to  re ve a l g e n e tic  damage caused in  the deve lop ing  
germ  c e l l s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  im b a la n c e s  i n  
p re c u rs o r  p o o ls  t h a t  a re  m u ta g e n ic  in  c u l t u r e  can cause 
sperm a b n o r m a l i t ie s .  M u ta t io n a l e v e n ts  may be m e d ia te d  
th e re fo re  by agents th a t  d is ru p t  these poo ls  ra th e r  than by 
t h e ir  d i r e c t  a c t io n  on the  DNA i t s e l f .
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C H A P T E R  5
A n a ly s is  o f  P recursor Pools
5 .1  INTRODUCTION
As has been s ta te d  e lsew here , many s tu d ie s  have been c a r r ie d  
o u t on th e  g e n e t ic  consequences o f  im b a la n ce d  p re c u rs o r  
poo ls  in  v i t r o , bu t r e la t iv e ly  few in  v iv o . Many o f  the 
in  v i t r o  experim ents in v e s tig a te d  the  e f fe c ts  o f  an excess 
o r d e p le t io n  o f  th e  n u c le o s id e  th y m id in e  and one o f  th e  
reason s  f o r  th e  p a u c ity  o f  in  v iv o  d a ta  i s  due to  th e  
d i f f i c u l t y  o f  thym id ine  a d m in is tra t io n . In  a d d it io n ,  even 
i f  t h is  d i f f i c u l t y  i s  overcome, the  que s tion  a r is e s  o f  how 
m uch, i f  a n y ,  o f  th e  dose  re a c h e s  th e  t a r g e t  c e l l s .  
F o llo w in g  the  s tu d ie s  on the  e f fe c t  o f  excess thym id in e  on 
sperm atogenesis (Chapter 4 ) ,  i t  became necessary to  d isco ve r 
i f  the  balance o f  the  p recu rso r poo ls  in  the  te s te s  were, in  
f a c t ,  d is tu rb e d .
Most re p o rte d  methods fo r  measuring p recu rso r poo ls  have 
some d isadvantage. Radio la b e l l in g  o f the  a p p ro p ria te  dNTP 
fo r  example, p rov id es  an accu ra te  method fo r  the  exam ina tion  
o f  DNA s y n th e s is , bu t i t s  a p p lic a t io n  in  terms o f  the  whole 
pool i s  l im ite d .
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A change in  the  c o n c e n tra tio n  o f  a s p e c i f ic  n u c le o s id e , fo r  
example, may be accompanied by a concom itant change in  i t s  
base o r  in  a n o th e r  n u c le ic  a c id  com ponent. Thus i t  i s  
im p o rta n t to  be ab le  to  m on ito r the  bases s im u lta n e o u s ly  
w ith  the  n u c leos ides , no t o n ly  in  c e l ls  in  c u l tu r e ,  bu t a ls o  
in  p h y s io lo g ic a l  f l u i d s  o r  t i s s u e  s a m p le s .  A ls o ,  
m easurem ents in  v i t r o  in d ic a te  t h a t  dNTP p o o ls  a re  v e ry  
s m a ll,  o n ly  s u f f ic ie n t  to  supp ly  the  DNA r e p l ic a t io n  fo rk  
w i t h  p r e c u r s o r s  f o r  30 s e c .  t o  5 m in .  (S ko o g  and 
N o rdensk jo ld , 1971), and th e re fo re  an accura te  a n a ly t ic a l 
m e th od  m us t be v e r y  s e n s i t i v e  and t h e r e  m u s t be no 
in te r fe re n c e  by o th e r compounds.
Among the  e a r l ie r  a n a ly t ic a l methods fo r  s e p a ra tin g  bases 
and nuc leos ides in  p h y s io lo g ic a l f lu id s  and t is s u e s ,  t h in -  
la y e r ,  paper and column chromatography predominated b u t in  
g e n e ra l th e s e  m ethods were e x tre m e ly  t im e -c o n s u m in g , 
in s e n s it iv e  and s e le c t iv e  (G erlach , e t  a l 1965; Bradbeer and 
J a rv is ,  1965; N estle  and R oberts , 1968; Rustum and Schw artz, 
1 9 7 3 ) .  I n t e r e s t  has fo c u s e d  m ore r e c e n t l y  on h ig h -  
performance l iq u id  chromatography (HPLC).
In  o r ig in a l  s tu d ie s  w ith  ion-exchange chromatography (Cohn, 
1949) n u c le o tid e s  separated re a d i ly  upon anion exchange due 
to  t h e i r  n e g a t iv e ly  cha rge d  phospha te  g roup s  and t h i s  
se p a ra tio n  improved when Crampton e t  a l , (1960) developed 
g ra d ie n t e lu t io n  techn iques . Both anion and c a t io n  exchange
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r e s in s  were used to  s e p a ra te  p u r in e s  and p y r im id in e s  o r  
in d iv id u a l  n u c le o s id e s  b u t i t  was d i f f i c u l t  to  s e p a ra te  
nuc leos ides and bases when they were in  a complex m ix tu re . 
H o w e v e r ,  w i t h  t h e  d e v e lo p m e n t  o f  r e v e r s e d - p h a s e  
ch ro m a to g ra p h y  th e  e f f i c ie n c y  o f  r e s o lu t io n  im proved  
enormously (Z aka ria  and Brown, 1981).
Many procedures have been used fo r  the  se p a ra tio n  o f  dNTP 
p recu rso rs  by HPLC, bu t most can o n ly  accommodate a l im ite d  
number o f  compounds in  one a n a ly t ic a l  ru n  o r  have an 
in o rd in a te ly  long run tim e . A method was re q u ire d  th e re fo re  
th a t  would n o t o n ly  enable a l l  the  nuc leos ides and bases to  
be measured a c c u ra te ly  and r a p id ly  in  a s in g le  s te p , bu t 
a ls o  cou ld  be used as a to o l in  in - v iv o  experim ents. The 
fo llo w in g  chap te r describes  th e  development o f  such a method 
and i t s  use in  a n a lys in g  mouse te s te s  dNTP p recu rso r p o o ls .
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5.2 METHOD DEVELOPMENT
5 .2 .1  Apparatus
An A p p l ie d  C h ro m a to g ra p h y  S ys tem  (ACS) h p lc  was 
employed and the  a b s o rp tio n  o f  the  e lu te d  m a te r ia ls  was 
m e a su re d  a t  254nm on a v a r ia b le  w a v e le n g th  UV 
absorbance d e te c to r connected to  a computing in te g ra to r  
and c h a r t re c o rd e r. The column was kept a t  30°C and 
a l l  sam ples were in tro d u c e d  u s in g  a 25 jj I  H a m ilto n  
s y r in g e .
5 .2 .2  Mode o f  o p e ra tio n
A l l  m ob ile  phase b u f fe rs  were made up d a i ly .  Helium 
was passed through the  b u f fe r  fo r  approx. 30 sec. p r io r  
to  use to  expe l the  a i r .  When a g ra d ie n t system was 
used  b o th  r e s e r v o i r s  w e re  e m p lo y e d  and f o r  th e  
is o c r a t ic  systems the  b u f fe r  was p laced in  re s e rv o ir  B. 
The pump, g ra d ie n t m ixer and water hea te r were sw itched  
on and the  pressure  a llow ed to  e q u i l ib r ia te  f o r  approx. 
30 m in u te s . The re c o rd e r  and in t e g r a to r  were th e n  
s w itc h e d  on and a b a s e - l in e  e s t a b l is h e d  b e fo r e  
in je c t io n  o f  the  samples.
140
5.2.3 Standards
A l l  s tandards were prepared in  double g lass  d i s t i l l e d  
w a te r.
N ucleos ides: Adenosine, ADO; U r id in e , URD; C y t id in e , 
CYD; In o s in e , INO; Guanosine, GUO; Thym id ine, TdR; 
d e o x y c y tid in e , dCYD; Xanthosine , XAO.
Bases: Adenine, ADE; U r a c i l ,  URA; C ytos ine , CYT; 
Guanine, GUA; Thymine, THY; X an th ine , XAN; 
Hypoxanthine, HYPO.
5*2 .4  E f f ic ie n c y  o f  se p a ra tio n
As a s ta r t in g  p o in t  in  the  development o f  the  method, 
th e  l i t e r a t u r e  on h p lc  a n a ly s is  o f  n u c le o s id e s  and 
bases was re v ie w e d  and i t  was d e c id e d  to  a d a p t th e  
i s o c r a t i c  m e th od  o f  R ustum  ( 1 9 7 8 ) .  In  o r d e r  t o  
maximise the  re s o lu t io n  o f  the  bases and n u c le o s id e s , 
two d i f f e r e n t  columns (s ta t io n a ry  phase) were t r ie d ,  a 
25cm P a r t i s i l - 1 0  ODS 2 and a 25cm H y p e r s i l - 5  ODS; 
va ry in g  c o n ce n tra tio n s  o f  methanol in  the  m ob ile  phase 
(2 .0 -5 .0 % ); v a ry in g  pH 's ( 2 .9 -6 .9 ) ;  va ry in g  f lo w -ra te s  
(1 .0 -2 .0  m l/m in ); and v a ry in g  sample volumes (10-25 
^ p l) . Under a l l  c o n d it io n s  each base and nuc leos ide  was 
run in d iv id u a l ly  and as a m ix tu re .
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F in a l ly ,  s in ce  se ve ra l workers recommended g ra d ie n t 
e lu t io n  techn iques as a means to  decrease re te n tio n  
tim es and to  sharpen the  peaks (Brown, e t  a l , 1974; 
H a r tw ic k  and Brow n, 1976 ; H a r tw ic k  e t  a l , 1979) a 
g ra d ie n t system was t r ie d  -  the  h igh  and low  pressure 
b u f fe r s  d i f f e r i n g  in  th e  p e rc e n ta g e  o f  th e  s o lv e n t  
methanol p re se n t. Again each base and nuc leos ide  was 
ru n  in d iv i d u a l l y  and as a m ix tu re  and v a ry in g  f lo w  
ra te s  were in v e s tig a te d
5 .2 .5  R esu lts
The system th a t  gave the  most c o n s is te n t re s u lts  in  
term s o f  r e p r o d u c ib i l i t y  o f  re te n t io n  tim es fo r  the  
maximum number o f  s tandards was an is o c r a t ic  e lu t io n  
under the  fo llo w in g  c o n d it io n s ;
Column 25cm P a r t is i l - 1 0  ODS-2
M obile  phase 2 .5  mM KH2 P04
2.5% methanol 
pH 3.0
Flow ra te  1-2 m ls/m in
A t y p i c a l  i s o c r a t i c  s e p a r a t io n  o f  e le v e n  o f  th e  
standards using  t h is  system is  shown in  F ig . 5 .1 . The 
id e n t i f ic a t io n  o f  the  in d iv id u a l bases and nuc leos ides  
in  th e  m ix tu re  was a c h ie v e d  by ru n n in g  each o f  th e  
com ponents s e p a ra te ly .  The e lu t io n  t im e s  o f  th e
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standards run in d iv id u a l ly  and to g e th e r a re  shown in  
Table 5 .1 . The re te n t io n  tim es were found to  be ve ry  
c o n s is te n t over many e lu t io n s  and the  r e la t iv e  e lu t io n  
p o s it io n  o f  one component to  another remained cons tan t 
w ith  thym id ine  always e lu t in g  la s t .  Adenosine however, 
d id  no t e lu te  a t  a l l .
Table 5 .1 . E lu t io n  tim es o f  standards
Base o r 
nuc leos ide
E lu t io n  tim e (sec)
In d iv id u a l
Standards
Standards to q e th e r 
Run 1. Run 2.
C ytosine 144 145 144
U ra c il 232 } 238 232
C y tid in e 247 >
U r id in e 343 355 340
Hypoxanthine 477 } 507 478
Xanthine 472 }
Thymine 576 630 576
Adenine 771 } 810 759
Inos in e 795 }
Guanosine 900 900 826
Thymidine 1527 1467 1480
Flow ra te  = 2 mis /  min
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TISSUE PREPARATION
The t is s u e  o f  in t e r e s t  in  th e s e  s tu d ie s  was th e  te s te s .  
S am ple  p r e p a r a t io n  p r i o r  t o  h p lc  s e p a r a t io n  o f  DNA 
p recu rso rs  has the fo llo w in g  requ irem en ts :
the  a c t io n  o f  the  enzymes p resen t in  the  sample must be 
stopped im m ed ia te ly  a f te r  the  sample is  c o lle c te d  to  p reven t 
deg rada tion  o f  the  p recu rso rs  o f  in te r e s t .
th e  p re c u rs o rs  m ust be c o m p le te ly  re le a s e d  fro m  th e  
c e l ls .
-  p ro te in s  must be removed from  the  sample s in ce  these w i l l  
in te r fe r e  w ith  the  a n a ly s is  and c lo g  the  column.
1 Enzyme a c t io n
E x c is io n  o f  the  te s te s  was c a r r ie d  o u t as r a p id ly  as 
p o s s ib le  and the  te s te s  p laced im m ed ia te ly  in  a p e t r i -  
d is h  k e p t on ic e .  A l l  subse quen t p ro c e d u re s  were 
perform ed ra p id ly ,  on ic e ,  us ing  p re -coo led  in s tru m e n ts  
and reagents .
2. C e ll ly s is  and p ro te in  p r e c ip i ta t io n
The i n i t i a l  s tep  was to  break down the  s o l id  t is s u e .  
The m e th od  c h o s e n  was m e c h a n ic a l ( m in c in g  and
s o n ic a t io n )  in  a hypo ton ic  b u f fe r  -  2.5mM Kf^PO^, pH 
7 .0 . There are many recommended methods fo r  p ro te in  
p r e c ip i ta t io n  p r io r  to  h p lc  a n a ly s is . These in c lu d e : 
the  a d d it io n  o f  s tro n g  a c id s , dena tu ring  the  p ro te in s  
w i t h  h e a t ,  a d d i t i o n  o f  an o r g a n ic  s o lv e n t  and 
u l t r a f i l t r a t i o n .  A l l  methods have some advantages and 
d isadvantages and i t  was decided here to  use the  s tro n g  
a c id  techn ique o f  Rustum (1978).
5 .3 .3 . R esu lts
The method o f  t is s u e  p re p a ra tio n  fo r  a l l  subsequent 
in  v iv o  s tu d ie s  was as fo llo w s :
Mice and ra ts  were k i l le d  by c e rv ic a l d is lo c a t io n .  Two 
mice o r one r a t  te s te s  were exc ised and im m ed ia te ly  pu t 
in  a p e t r i - d is h  on ic e .  The tu n ic a  a lb u g in e a  was 
removed and 5 mis o f  c o ld  2 .5  mM K^PO^, pH 7 .0  b u f fe r  
added to  the  tu b u le s . The tu b u le s  were then minced 
f in e ly  w ith  s c is s o rs  and homogenized by s o n ic a t io n  (150 
W u l t r a s o n i c  d i s i n t e g r a t o r ,  2 x 5  s e c . ) .  The 
suspension was d e p ro te in iz e d  by the  a d d it io n  o f  1 .4  m is 
12% p e rc h lo r ic  a c id  (PCA) a t  4°C. The samples were 
c e n t r i f u g e d  a t  2000g f o r  5 m ins ( c o o ls p in )  and th e  
supe rna tan t removed and im m ed ia te ly  n e u tra liz e d  on ic e  
w i t h  4N p o ta s s iu m  h y d r o x i d e .  The s a m p l e s  w e r e  
c e n tr ifu g e d  aga in  a t  2000g fo r  5 m ins, the  supe rn a ta n t 
removed, f i l t e r e d  (0.2 yjm) and fro ze n  (-20°C) u n t i l
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needed. 15 jj !  o f  the  r a t  te s te s  e x tra c t  and 25y u l o f  
the  mouse te s te s  e x tra c t  were loaded onto the  h p lc  and 
the  components e lu te d  under the  c o n d it io n s  described 
above (see 5 . 2 . 5 . ) .  The r e s u lt in g  se p a ra tio n  o f  the  
bases and nuc leos ides p resen t may be seen in  F ig s . 5 .2  
and 5 . 3 .  S t a n d a r d s  w e re  made up d a i l y  and  r u n  
in d iv id u a ly  and to g e th e r in  p a r a l le l  w ith  a l l  t is s u e  
sam ples f o r  a c c u ra te  c a lc u la t io n  o f  c o n c e n tra t io n  
purposes and a ls o  fo r  c o n fid e n t peak id e n t i f ic a t io n .  
Table 5 .2 .  shows the  e lu t io n  tim es o f  va r io u s  bases and 
nuc leos ides in  the  r a t  and mouse te s te s  e x tra c ts .
I t  cou ld  be seen from  these p re lim in a ry  s tu d ie s  th a t ,  
us ing  t h is  system, the  bases and nuc leos ides in  the  
te s te s  cou ld  be id e n t i f ie d .  The next s tep  was to  t r e a t  
th e  a n i m a l s  w i t h  t h y m id in e  and a n a l y s e  t h e  dNTP 
p r e c u r s o r  p o o l s  a t  v a r i o u s  t im e  i n t e r v a l s  p o s t -  
tre a tm e n t.
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Table 5.2 Elution times of bases and nucleosides in rat
and mouse te s te s  e x tra c ts .
Base or 
nuc leos ide
E lu t io n tim e (s e c )
Standards 
In d iv id u a l ly  Together
Rat
te s te s
Mouse
te s te s
U r ic  a c id 190 190
C ytosine 277 282 259 261
C y tid in e 446 } 459 453 455
U ra c il 456 } 370 367
U rid in e 675 } 693 599 560
Guanine 725 }
d e o xycy tid in e 712 - 703 705
Xanthine 1004 } 1 0 2 2 1058 1063
Hypoxanthine 1026 }
Thymine 1186 1146 - -
Adenine 1542 } 1632 1681 1661
Inos in e 1729 }
Guanosine 2003 1854 1860 1900
Xanthosine 2700 2700 - -
Thymidine 2820 3120 3460 3600
Flow ra te  = 1 ml /  min
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5.4  ANALYSIS OF MOUSE TESTES FOLLOWING IN VIVO TREATMENT WITH 
THYMIDINE
5 .4 .1  I n i t i a l  s tudy
Two male mice (O lac L td . ,  B ic e s te r , Oxon., MF1 s t r a in ,  
10-12 weeks o ld  were g iven 4g th ym id in e /kg  bodyweight 
by in t r a -p e r ito n e a l in je c t io n .  The m ice were k i l l e d  a t  
2 o r 4 hours p o s t - in je c t io n  and the  te s te s  removed and 
t r e a t e d  t o  r e le a s e  th e  b a se s  and n u c le o s id e s  as 
described  above (see 5 .3 .3 ) .  One un tre a te d  mouse was 
k i l le d  and the  te s te s  tre a te d  in  the  same manner to  a c t 
as a c o n t ro l.  The e x tra c ts  were e lu te d  by h p lc  under 
the  c o n d it io n s  described  p re v io u s ly  (see 5 .2 .5 . ) .
5 .4 .2  R esu lts
The e lu t io n  tim es o f  the  bases and nuc leos ides  in  the  
m ix tu re  o f  s ta n d a rd s  and a ls o  in  th e  mouse te s te s  
e x tra c ts  are  shown in  Table 5 .3 . In  t h is  in s ta n c e  the  
standards were made up as two s o lu t io n s ,  one o f  the  
bases and one o f  the  nuc leos ides w ith  each s tandard  
p resen t a t  a c o n c e n tra tio n  o f  0.01 mg/ml. F ig s . 5 .4 . ,
5 .5  and 5 .6  show th e  s e p a ra t io n  o f  th e  bases and 
n u c le o s id e s  in  th e  mouse te s te s  e x t r a c ts  fro m  th e  
u n tre a te d  mouse, and 2 and 4 h o u rs  a f t e r  in  v iv o
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t re a tm e n t  w i th  th y m id in e  and T a b le  5 .4  shows th e  
c o n c e n tra t io n s  o f  th e s e  p re c u rs o rs .  A lth o u g h  th e  
va lues were o n ly  fo r  one mouse a t  each tim e  p o in t ,  the  
c o n c e n tra tio n  o f  each appeared to  be f a i r l y  c o n s is te n t 
in  the  th re e  mice except fo r  thym id ine  and u r id in e  /  
g u a n in e . There was a t h r e e - f o ld  in c re a s e  in  th e  
thym id in e  pool 2 hours a f te r  tre a tm e n t, bu t by 4 hours 
the  c o n c e n tra tio n  o f  thym id ine  was s im ila r  to  th a t  in  
the  un tre a te d  an im a l. The c o n c e n tra tio n  o f  u r id in e  /  
guanine in  the  te s te s  from  the  tre a te d  mice was le s s  
than th a t  from the  c o n tro l a t  both 2 and 4 hours p o s t­
in je c t io n .
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Table 5.3 Elution times of bases and nucleosides in mouse
te s te s  fo llo w in g  in  v iv o  trea tm en t w ith  thym id ine  
-  I n i t i a l  s tudy
Base o r 
nuc leos ide
E lu t io n  tim e (sec)
Standards
Time a f te r in je c t io n
C o n tro l 2 h r 4hr
C ytosine 270 259 259 259
U ra c il 439 307 311 313
C y tid in e 433 356 359 446
U r id in e / 667
Guanine 693 534 572 586
X a n th ine /
Hypoxanthine 936 955 999 984
Thymine 1087 - 1123 -
Adenine/
In o s in e 1584 1533 1591 1576
Guanosine 1796 1755 1836 1792
Xanthosine 2663 - 2955 2926
Thymidine 2977 3553 3733 3711
Flow ra te  = 1 ml /  min
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Table 5.4 Concentration of bases and nucleosides in mouse
te s te s  fo llo w in g  in  v iv o  trea tm en t w ith  th ym id in e . 
-  I n i t i a l  s tudy
Base or 
nuc leos ide
C oncen tra tion  tyjg/m l) a t  tim e 
a f te r  in je c t io n
C o n tro l 2 hr 4hr
C ytosine 4.5 6 .3 5.0
U ra c il 0.4 0 .3 0 .3
C y tid in e 0.7 0 . 8 1 . 0
U r id in e /
Guanine 49.6 24.6 14.5
X a n th ine /
Hypoxanthine 9.4 8 .5 6 . 0
Adenine/
In o s in e 18.7 17.8 18.6
Guanosine 1 . 6 2.4 1.5
Thymidine 10.3 32.1 8 . 6
5 .4 .3 . Main s tudy
F ive  groups o f  4 male mice (O lac L td . ,  B ic e s te r ,  Oxon, 
MF1 s t r a in ,  10-12 weeks o ld )  were g iven 4g th ym id in e /kg  
bodyweight by i . p .  in je c t io n .  A fu r th e r  group o f  4 
mice (c o n tro ls )  rece ived  the  d i s t i l l e d  w ater v e h ic le
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a lone . The mice were k i l le d  a t  1 ,2 ,4 ,6  o r 8  hours post 
-  i n je c t io n  and th e  te s te s  removed and t r e a te d  to  
re lea se  the  bases and nuc leos ides as described  above 
(see 5 .3 .3 ) .  The e x tra c ts  were e lu te d  by h p lc  under 
the  c o n d it io n s  described  p re v io u s ly , (see 5 .2 .5 . ) .
5 .4 .4 . R esu lts
The e lu t io n  tim es o f  the  s tandards and the  bases and 
nuc leos ides in  the  te s te s  e x tra c ts  a re  shown in  Table 
5 .5 .  The r e te n t io n  t im e s  were fo u n d  to  be f a i r l y  
u n i fo r m  and th e  shap e  o f  th e  c h ro m a to g ra m  was 
c o n s is te n t  between v a r io u s  sam p le s , so a id in g  th e  
id e n t i f ic a t io n  o f  the  peaks. When the  s tandards were 
run to g e th e r however, th e re  was some o ve rla p  between 
bases and nuc leos ides w ith  s im ila r  re te n t io n  tim e s , and 
in  the  te s te s  e x tra c ts  u r a c i l  e lu te d  w ith  c y t id in e ,  
guanine w ith  d e o xycy tid in e  and adenine w ith  guanosine. 
There i s  a p o s s i b i l i t y  t h a t  o th e r  p re c u rs o rs  were 
in v o lv e d  in  th e s e  pe a ks , b u t th e  r e s u l t s  o f  many 
e lu t io n s  o f  in d iv id u a l s tandards , s tandards to g e th e r 
and te s te s  samples in d ic a te  th a t  the  above bases and 
n u c le o s id e s  w e re  th e  m a in  co m p o n e n ts  in v o lv e d .  
N o tw iths ta nd ing  t h is  p o s s ib i l i t y ,  thym id ine  was always 
p o s i t iv e ly  id e n t i f ie d  s in ce  i t  in v a r ia b ly  e lu te d  la s t ;  
adenosine however d id  no t e lu te  a t  a l l .
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Table 5.5 Elution times of bases and nucleosides in mouse
te s te s  fo llo w in g  in  v iv o  trea tm en t w ith  th ym id in e . 
-  Main s tudy
E lu t io n tim e (sec ) o f  base o r nuc leos ide
Time a f te r  
in je c t io n CYT
URA
+
CYD URD
GUA
+
dCYD THY
ADE
+
GUO TdR
Standards 265 485 637 719 1090 1650 2954
C o n tro l 267 390 542 689 991 1648 2702
1  hr 270 391 594 750 1105 1655 3005
2  hr 269 405 585 798 1160 1808 3214
4 hr 278 416 644 805 1155 1834 3478
6  h r 284 422 644 779 1130 1876 3590
8  hr 274 418 600 788 1078 1886 3494
Flow ra te  = 1 ml /  m in.
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F ig . 5 .7 . shows the  t y p ic a l se p a ra tio n  o f  th e  bases and 
nuc leos ides in  a c o n tro l mouse te s te s  e x tra c t  and Table
5 .6  shows the  c o n c e n tra tio n  o f  these dNTP p recu rso rs  in  
mouse t e s t e s  f o l l o w i n g  i n  v iv o  t r e a tm e n t  w i t h  
th ym id in e .
Table 5 .6  C o ncen tra tion  o f  bases and nuc leos ides in  mouse
te s te s  fo llo w in g  in  v iv o  trea tm en t w ith  th ym id in e .
-  Main s tudy
C oncen tra tion (/jq /m l) o f
Time a f te r  
in je c t io n CYT
URA
+
CYD URD
GUA
+
dCYD THY
ADE
+
GUO TdR
C o n tro l 4 .2
(0 .28)
1.4
(0 . 1 0 )
37.5
(23.22)
3.4
(1 .50)
0 . 6
( 0 . 1 1 )
2 .3
(1 .06 )
1 .9
(1 .15 )
1  hr 3.4
(0 .45)
1.4
(0 .17)
61.1
(2 .35)
5.3
(4 .89)
0.4
(0 .09)
2 .2  45.5 
(1 .0 0 )(3 9 .2 5 )
2  h r 3 .8
(0 .45)
1 .3
(0 . 1 2 )
62.9
(6 . 2 2 )
7 .1
( 2 . 8 )
0 .9
(0 .44)
1.4
(0 .50 )
26 .2 *
(9 .66 )
4 hr 3 .8
(1 .41)
1 . 2
(0 .57)
19.7
(21.85)
2 . 8
(3 .45)
0 . 6
(0 .46)
1 .5
(0 .65 )
4 .5
(4 .22 )
6  hr 3 .9
(0 .38)
1 . 1
(0 .13)
26.9
(7 .89)
6 .7
(4 .64)
0.4 
( -  )
1 . 6
(0 .90)
2 . 6
(0 .72 )
8  hr 4 .1 1.4 11.9 5 .7 - 1 .5 3.5
*  P < 0.05 by S tu d e n t's  t  -  t e s t .
There was a la rg e  v a r ia t io n  in  c o n c e n tra tio n  o f  thym id ine  in  
the  te s te s  o f those mice k i l le d  1 h r a f te r  tre a tm e n t (10.5  -  
95 .2  yug /m l) and hence th e  mean was n o t s t a t i s t i c a l l y  
s i g n i f i c a n t l y  d i f f e r e n t  fro m  c o n t r o l .  H owever, each 
in d iv id u a l va lue  was g re a te r than c o n tro l and the  mean va lue  
was 25 tim es g re a te r . Th is in c rea se  in  the  thym id ine  poo l
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p e rs is te d  fo r  2  h rs  and then q u ic k ly  re tu rn e d  to  c o n tro l 
le v e ls .  F ig . 5 .8 . shows the  chrom atographic se p a ra tio n  o f 
the  bases and nuc leos ides in  the  te s te s  e x tra c t  o f  a mouse 
k i l le d  1 hour a f te r  in je c t io n ,  w h ile  F ig . 5 .9 . shows the  
s e p a ra t io n  6  h rs  a f t e r  i n je c t io n .  There were no o th e r  
s t a t i s t i c a l l y  s ig n i f ic a n t  d iffe re n c e s  in  the  poo l s iz e s  o f  
c o n t r o l  and t r e a te d  m ice  a lth o u g h  th e  c o n c e n t r a t io n  o f  
u r id in e  increased i n i t i a l l y  and then decreased 4 hours p os t­
in je c t io n .  U n fo rtu n a te ly  th re e  o f  the  te s te s  samples from  
the  mice k i l le d  8  h rs  a f te r  in je c t io n  were lo s t  and so t h is  
va lue  i s  fo r  1  mouse o n ly .
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DISCUSSION
T h is  m ethod was d eve lop ed  f o r  th e  a n a ly s is  o f  bases and 
nuc leos ides in  t is s u e  samples. I t  was ra p id ,  in  th a t  a l l  
m e ta b o lite s  were separated w ith in  1  hou r, and re p ro d u c ib le  
under a cons tan t f lo w  ra te  and p ressu re . U n fo r tu n a te ly , the  
d i f f i c u l t i e s  experienced by o th e r workers in  term s o f  bases 
and n u c le o s id e s  n o t  a lw a ys  s e p a ra t in g ,  o c c u r re d  to  some 
e x t e n t  i n  th e s e  t i s s u e  s a m p le s .  H o w e v e r, i n  th e s e  
experim ents, thym id ine  was o f  p a r t ic  la r  in te r e s t  and t h is  
nuc leos ide  always e lu te d  la s t  from  the  column, enhancing the  
accuracy o f  i t s  id e n t i f ic a t io n .
The re s u lts  o f  the  a n a ly s is  o f  the  mouse te s te s  showed th a t  
thym id ine  g iven  to  mice by i . p .  in je c t io n  does reach the  
ta rg e t  c e l ls  and q u ite  m arkedly in c reases  the  poo l s iz e .
Th is  occurs a lm ost im m ed ia te ly  a f te r  dosing and subsequen tly  
the  le v e ls  re tu rn  to  normal f a i r l y  r a p id ly .  The reason fo r  
the  marked re d u c tio n  in  u r id in e  le v e ls  4 h rs  a f te r  dosing is  
no t obvious bu t may be a consequence o f  a l te r a t io n s  in  the  
m u lt ie n z y m e  c o m p le x  g o v e rn in g  th e  s y n t h e s is  o f  dNTP 
p recu rso r m olecu les.
This method therefore, provides a useful means for measuring bases
and nucleosides in vivo, and confirms that the effect of excess
thymidine on spermatogenesis (Chapter 4) was due to this nucleoside
reaching the testes in quantities sufficient to significantly
imbalance the precursor pools. These results also show
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th a t  i t  i s  p o s s ib le  to  measure the  whole p recu rso r pool and 
th e r e fo r e  th e  m ethod c o u ld  be u s e fu l in  o th e r  in  v iv o  
e x p e r im e n ts , s in c e  i t  can be a p p lie d  to  any t is s u e  o r  
p h y s io lo g ic a l f l u i d .  Using t h is  method, the  im p lic a t io n s  o f  
pool b ias  in  v iv o  may be s tu d ie d  more e x te n s iv e ly  e s p e c ia lly  
in  respec t o f  the  in te r r e la t io n s h ip s  o f  dNTP p re cu rso rs  in  
va r io u s  d isease s ta te s .
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C H A P T E R  6
Sperm P ro te in  A n a ly s is
6 .1  INTRODUCTION
In  l i g h t  o f  p re v io u s  s tu d ie s  on th e  in d u c t io n  o f  sperm 
a b n o r m a l i t ie s ,  i t  was o f  in t e r e s t  to  in v e s t ig a te  th e  
p o s s ib le  mechanisms u n d e rly in g  the  fo rm a tio n  o f  abnormal 
sperm . S in ce  th e re  i s  a h ig h  chrom osom al v a r i a b i l i t y  
com patib le  w ith  normal sperm m orphology, i t  i s  u n l ik e ly  
th a t  the  packaging arrangements o f  the  chromosomes in to  the  
sperm n u c le u s  a re  r e s p o n s ib le  f o r  th e  u l t im a te  shape 
(Wyrobek e t  a l , 1975). The shaping o f  the  sperm nucleus 
occurs w h ile  the  chrom atin  i s  condensing and s t a b i l iz in g  and 
Fawcett (1975) specu la ted  th a t  the  shape o f  the  mammalian 
sperm head is  determ ined from  w ith in  by the  c o n f ig u ra t io n  o f  
s p e c i f ic  DNA-prote in complexes. F reeze -c le av in g  techn iques 
th a t  have revea led  a la m e lla r  chrom atin  s u b s tru c tu re  in  the  
n u c le i o f  mature spermatozoa support t h is  hypo the s is .
H o w e v e r, th e  m am m alian  spe rm  head has  a n o th e r  m a jo r  
s t r u c t u r a l  com ponent a p a r t  fro m  th e  n u c le u s ! th e  p e r i ­
nuc lea r theca . Th is  i s  a tough membrane co ve rin g  most o f
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the  head and ly in g  between the  nuc lea r and plasma membranes 
(B e llv e  and O’ B rie n , 1983). The c y to s k e le ta l s t ru c tu re  is  
r e s is ta n t  to  e x t ra c t io n  in  non -dena tu ring  d e te rgen ts  and 
h igh  s a l t  b u f fe rs .  Longo e t  a l , (1987) id e n t i f ie d  two bas ic  
p ro te in s  as m ajor c o n s t itu e n ts  o f  the  theca (M.W. 60 KD -  
c a l ic in  and M.W. 74 KD -  m u ltiba nd  p o ly p e p tid e s , MBP), and 
they  specu la ted  th a t  the  p e r i-n u c le a r  theca i s  in v o lv e d  in  
the  shape changes o ccu rin g  d u rin g  sperm iogenesis and in  the  
a s s o c ia t io n  o f  th e  n u c le u s  w i th  th e  acrosom e and plasm a 
membrane.
Sperm head-shape th e re fo re ,  may be c o n tro lle d  by chrom atin  
c o n d e n s a t io n ,  s p e c i f i c a l l y  by th e  s p e c ie s - s p e c i f i c  
p ro tam ines. However, B e l lv i  (1979) has shown th a t  th e re  is  
no c o r r e l a t i o n  b e tw e e n  ty p e  o f  p ro ta m in e  p r e s e n t  i n  
d i f f e r e n t  mammalian s p e c ie s  and shape. An a l t e r n a t i v e  
e x p la n a t io n  i s  t h a t  th e  p e r i - n u c le a r  th e c a  may a c t  
e x t r in s ic a l ly  to  determ ine n uc lea r shape, p o s s ib ly  by a c t in  
f ila m e n ts  m oulding the  shape, e l im in a t io n  o f  non-protam ine 
chrom osom al p r o te in s  and th e  p ro g re s s iv e  d e p o s it io n  o f  
p ro ta m in e s . These p ro ta m in e s  e v e n tu a l ly  c r o s s - l in k  by 
c o v a le n t  d is u lp h id e  bonds and s t a b i l i z e  th e  s t r u c t u r e  
(Bellvfe & O 'B rien  1983). A d isadvantage o f  t h is  th e o ry  is  
th a t  i t  i s  no t known d e f in i t e ly  i f  the  theca does c o n ta in  
a c t in .  W h ils t the  exac t mechanism is  unknown i t  i s  most 
probable  th a t  the  d e te rm in a tio n  o f  the  sperm head-shape i s  a 
com bination o f  both chrom atin  condensation and a m ould ing 
a c t io n  o f  the  p e r i-n u c le a r  theca .
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A p o s s ib le  modus o p e ra n d i, t h e r e fo r e ,  o f  th e  changes in  
sperm m orp ho logy  e n c o u n te re d  in  th e  in  v iv o  e x p e rim e n ts  
re p o rte d  in  t h is  th e s is ,  cou ld  be a lte r a t io n s  o f  the  sperm 
p ro te in s . Using po lyacry lam ide  g e l e le c tro p h o re s is  (PAGE) 
techniques, Brinkworth et al (1989) has shown changes in several
nucleo -  and p e r i-n u c le a r  th e c a l p ro te in s  o f  abnormal sperm 
fro m  m ice  t r e a te d  w i th  th e  in d u s t r i a l  s o lv e n t  e th y le n e  
m onom ethyl e th e r  (E .G .M .) .  In  p a r t i c u la r ,  he fo u n d  an 
in c rea se  in  the  amount o f  a p ro te in -b a n d  d o u b le t o f  M.W. 14 
KD. Th is p ro te in  has y e t to  be lo c a liz e d  w ith in  the  c e l l  
and th e re fo re  i t s  na tu re  remains obscure. However, i t  was 
shown to  be increased in  both  e x tra c ts  o f  the  n u c le o p ro te in s  
and o f  the  membrane p ro te in s ,  w ith  the  g re a te r e f fe c t  in  the  
l a t t e r .  I t  was p r o v is io n a l ly  c la s s e d  as a m a jo r b a s ic  
membrane p ro te in .
I t  was decided to  in v e s t ig a te  the  membrane p ro te in s  o f  the
m o rp h o lo g ic a l ly  abnorm a l sperm o b ta in e d  in  th e  in  v iv o
s tu d ie s  w ith  unbalanced p recu rso r p oo ls . The re s u lts  o f  
e ta l
B r in k w o rth ^ (1989) showed th a t  membrane p ro te in s  were c le a re r  
and more e a s i ly  i d e n t i f i a b l e  th a n  th o s e  o f  th e  n u c le a r  
p r o te in s  u s in g  PAGE and th e r e fo r e  i t  was c o n s id e re d  
adv isa b le  to  beg in w ith  these .
6 .1 .1 . P r in c ip le s  o f  PAGE
The bas is  o f  any e le c tro p h o re t ic  techn ique  i s  th a t  a
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charged m olecule w i l l  m ig ra te  in  an e le c t r ic  f i e l d .  
The r a te  o f  e le c t r o p h o r e t ic  m ig r a t io n  w i l l  la r g e ly  
depend upon th e  n e t  ch a rg e  b u t a ls o  on th e  s iz e  and 
s h a p e  o f  t h e  m o le c u le .  P o ly a c r y la m id e  g e l  
e le c tro p h o re s is  o f  p ro te in s  was f i r s t  developed in  1960 
by Raymond and Wang. A ge l i s  formed by p o lym e riz in g  
acry lam ide  and a s u ita b le  c ro s s - l in k in g  agen t. The 
p o r o s i t y  o f  th e  g e l may be a d ju s te d  by v a ry in g  th e  
co n c e n tra tio n s  o f  these two components. Hence p ro te in s  
may be separated by m o lecu la r s ie v in g  as w e ll as by 
charge. Furtherm ore , re s o lu t io n  can o fte n  be improved 
by the  use o f  a g ra d ie n t o f  in c re a s in g  po lyac ry lam id e  
c o n c e n tra t io n  in  th e  g e l .  P ro te in s  w i l l  undergo 
in c re a s in g  m o lecu la r s ie v in g  as they  m ig ra te  th rough 
the  g e l and t h is  a llo w s  a n a ly s is  o f  p ro te in s  over a 
wide m o lecu la r w e igh t range.
A f te r  se p a ra tio n , the  g e ls  are  robus t enough to  be pu t 
t h r o u g h  v a r io u s  s t a i n i n g  p r o c e d u r e s  f o r  t h e  
v i s u a l i s a t i o n  o f  th e  ban ds  o f  p r o t e i n ,  and t h i s  
v i s u a l i s a t i o n  t o g e t h e r  w i t h  th e  use  o f  s c a n n in g  
d e n s i t o m e t r y ,  e n a b le s  th e  i d e n t i f i c a t i o n  and 
q u a n t i f ic a t io n  o f  p ro te in s  in  complex m ix tu re s .
The fo llo w in g  chap te r describes  the  use o f  PAGE fo r  the  
a n a ly s is  o f  membrane p ro te in s  e x tra c te d  from  the  sperm 
o f  ra ts  and m ice. These an im als had been shown to  have 
inc reases  in  m o rp h o lo g ic a lly  abnormal sperm fo llo w in g
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t r e a tm e n t  d e s ig n e d  t o  u p s e t  th e  b a la n c e  o f  DNA 
p recu rso r poo ls .
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Fig. 6.1. Equipment for polyacrylamide gel preparation
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6.2. METHODS
6.2.1. Protein extraction from sperm
Sperm is  c o lle c te d  in to  phosphate b u ffe re d  s a lin e  (PBS) 
as described  in  Chapter 4 .2 .3 . In d iv id u a l r a t  samples 
are  used bu t fo r  mice se ve ra l samples are  poo led . The 
supe rna tan t i s  d iscarded  and the  sperm are  resuspended 
in  33 ^j1 (p e r  mouse) o r  250 j j !  (p e r  r a t )  sodium  
deoxychola te  s o lu t io n  fo r  the  e x tra c t io n  o f  the  sperm 
membrane p r o te in s .  The tu b e s  a re  p u t on ic e  on a 
shaking ta b le  fo r  30 m ins. to  a llo w  the  c e l ls  to  ly s e . 
Each sample is  then t ra n s fe r re d  to  an Eppendorf tube 
and spun in  a m icro fuge  s e t on ’ h ig h ' fo r  3 m ins. The 
ly s a te  is  removed, dispensed in to  50 p i  a l iq u o ts  and 
fro ze n  im m ed ia te ly  a t  -  20° C.
6 .2 .2 . G rad ien t po lyacry lam ide  ge l p re p a ra tio n
The equipment fo r  making the  ge l i s  shown in  F ig . 6 .1 . 
F i r s t  the  spacers are  p laced between the  g la ss  p la te s  
a t  each s id e  and the  p la te s  are  secured to g e th e r w ith  
the  clamps. The rubber gasket is  then f i t t e d  in to  the  
space p ro v id e d  on th e  c a s t in g  s ta n d  and th e  g la s s  
p la te s  a re  p u t on to p  and f ix e d  t i g h t l y  u s in g  th e  
le v e rs  on e ith e r  s id e . The g ra d ie n t pourer i s  s e t up 
above th e  p la te s  on a m a g n e tic  s t i r r e r  and ’ h e a v y 1 
acry lam ide  s o lu t io n  poured in  the  w e ll nea res t the  e x i t
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tube . 'L ig h t 1 acry lam ide  s o lu t io n  i s  poured in to  the 
o th e r w e ll .  These s o lu t io n s  are prepared as fo llo w s :
Acrylam ide S o lu t io n  (m is)
L ig h t (5%) Heavy (17%)
30% acry lam ide s o lu t io n  3.125 10.625
lower ge l b u f fe r  4.69 4.69
d e -io n is e d  w ater 10.75 3.375
15% ammonium
persu lpha te  s o lu t io n  0.075 0.075
TEMED 0.0095 0.0095
The ammonium pe rsu lpha te  and TEMED are  added la s t .
The channel between the  w e lls  o f  the  g ra d ie n t m ixer i s  
opened and the  d is ta l  end o f  the  e x i t  tube p laced in to  
the  gap between the  two g la ss  p la te s . The acry lam ide  
s o lu t io n  is  a llow ed to  f i l l  the  p la te s  to  app ro x im a te ly  
th re e  q u a rte rs  o f  the  way up and the  tube removed. The 
ge l i s  f la t te n e d  im m ed ia te ly  by pou ring  w a te r-s a tu ra te d  
is o -b u ta n o l down the  s id e s  o f  the  p la te s  w ith  a pas teu r 
p ip e t te .  The ge l i s  l e f t  to  s e t.  When s e t ,  the  is o ­
bu tano l i s  poured o f f  and the  ge l washed th o ro u g h ly  
w i th  ta p  w a te r ,  and 3 mm f i l t e r  paper used to  d ry  
between th e  p la te s .  S ta c k in g  g e l i s  p re p a re d  as 
fo llo w s :
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30% acry lam ide  s o lu t io n 1 . 0  ml
upper ge l b u ffe r 2.5  ml
d e -io n is e d  w ater 6.5  ml
15% ammonium pe rsu lpha te  s o lu t io n 0.065 ml
TEMED 0 . 0 1 0  ml
Th is  i s  then poured on to  the  su rfa ce  o f  the  g ra d ie n t 
g e l,  the  comb c a r e fu l ly  in s e r te d ,  and the  s ta c k in g  ge l 
a llow ed to  s e t .
6 .2 .3 .1 .  P ro te in  e s tim a tio n  by read ing  a t  280 nm.
A s tandard  curve i s  ob ta ined  by p rep a rin g  d u p lic a te  
s o lu t io n s  o f  the  fo llo w in g  co n c e n tra tio n s  o f  bovine 
serum album in (yjg/m l) in  w a te r: 640, 320, 160, 80, 40, 
2 0 , 10 and 0 . D e o x y c h o la te  i s  th e n  added to  each 
s o lu t io n  a t  a c o n c e n tra tio n  o f  40 :1 . Each te s t  sample 
i s  d i lu te d  40:1 and the  absorbance o f  a l l  samples read 
on a C e c il  s p e c tro p h o to m e te r  a t  280 nm. w a v e le n g th  
a g a in s t a b lank o f  w a te r: deoxychola te  (4 0 :1 ). Using
th e  s tandard  read ing  the  c o r re la t io n  c o e f f ic ie n t  i s  
c a lc u la te d  and th e  amount o f  p r o te in  in  th e  t e s t  
samples es tim a ted .
6 .2 .3  Sample p re p a ra tio n
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6.2.3.2. Protein estimation by the method of Lowry (1952)
Reagents:
Bovine serum album in -  200 yug/ml in  PBS
sodium carbonate -  2 %
copper su lpha te  -  1 %
sodium potassium  ta r t r a te  -  1 %
F o lin  and C io c a lte u ’ s phenol reagent -  50%
A s ta n d a rd  c u rv e  i s  o b ta in e d  by p re p a r in g  
d u p l i c a t e  s o l u t i o n s  o f  th e  f o l l o w in g  
co n c e n tra tio n s  o f  BSA tyjg/m l) in  PBS: 60, 50, 
40, 30, 20, 10 and 0. To each s o lu t io n  10 ja l  
o f  deoxychola te  i s  added. Each te s t  sample 
is  d i lu te d  50:1 w ith  PBS and then 5 m is o f  
the  fo llo w in g  s o lu t io n  is  added and l e f t  fo r  
5 m ins:
200 m is NaC03  
2 mis CuSO^
1  ml NaK ta r t r a te .
500 ^u l o f  F o l i n 1s re a g e n t i s  th e n  added, 
mixed by w h ir l i -m ix e r  and a llow ed  to  stand 
fo r  app ro x im a te ly  30 m ins. The absorbance o f  
a l l  samples i s  read on a C e c il spec tropho to ­
m ete r a t  720 nm w a v e le n g th  and a s ta n d a rd
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curve i s  p lo t te d  o f  o p t ic a l d e n s ity  a g a in s t 
p r o t e i n  c o n c e n t r a t i o n .  The p r o t e i n  
c o n c e n tra tio n s  o f  the  te s t  samples are  then 
ob ta ined  from  the  s tandard  cu rve .
6 .2 .3 .3 .  Sample p re p a ra tio n  fo r  PAGE
Each te s t  sample i s  d i lu te d  w ith  PBS to  o b ta in  a f in a l  
co n c e n tra tio n  o f  20 p g  p ro te in  per 60 / j1 .  To t h is ,  60 
p i  o f  reduced sample b u f fe r  i s  added and 100 jS l o f  the  
whole i s  loaded in to  each w e ll o f  the  g e l;  thus a t o ta l  
o f  a p p ro x im a te ly  17 ^ug p r o te in  i s  lo a d e d  in t o  each 
w e ll .
6 .2 .4 . E le c tro p h o re s is
The ge l i s  locked onto  a c o o lin g  core and lowered in to  
th e  lo w e r b u f fe r  cham ber. C o ld  ta p  w a te r  i s  ru n  
th ro u g h  th e  c o o l in g  c o re  and th e  comb i s  c a r e f u l l y  
removed from  the  g e l.  D ilu te d  s tock  runn ing  b u f fe r  (1 
in  1 0 ) i s  poured in to  the  low er b u f fe r  chamber so th a t  
the  bottom is  immersed, and a lso  in to  the c o o lin g  core 
to  near the  top  o f  the  g e l.  Using a pasteur p ip e t te  
w ith  a m o d ifie d  t i p  (bent in to  a U-shape) a l l  bubbles 
a re  'b low n ' from  the  bottom o f  the  g e l.  1 0 0  p i  o f  2 -  
m ercaptoethanol i s  added to  900 p i  sample b u f fe r  and 
m ixed. 60p i  o f  t h is  reduced sample b u f fe r  i s  added to
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each p ro te in  sample and mixed (see 6 .2 .3 .3 .  above). 50 
p i  o f  2 -m ercaptoe thano l i s  added to  1 0  p i  o f  a s o lu t io n  
o f  m o le c u la r  w e ig h t  m a rk e rs . U s ing  a P200 G ils o n  
m ic r o p ip e t te ,  1 0 0  p i  o f  each o f  th e  reduced  sam ple 
b u f f e r s ,  reduced  m o le c u la r  w e ig h t m a rke rs  and t e s t  
sam ple i s  lo aded  in t o  each w e l l  o f  th e  g e l .  The 
reduced sample b u f fe r  a lone i s  always loaded in  the  end 
w e lls .  The l i d  o f  the  chamber is  then rep laced  and the  
leads connected to  the  power supp ly . 30 mA c u rre n t i s  
passed through the  ge l u n t i l  a l l  samples have reached 
the  ju n c t io n  o f  the  s ta c k in g  ge l and re s o lv in g  g e l,  
fo rm ing  a th in  b lue  l in e .  The power i s  then increased  
to  50 mA u n t i l  the  l in e  reaches app ro x im a te ly  1 cm from  
the  bottom  o f  the  ge l when the  power is  sw itched  o f f  
and the  c o o lin g  system d isconnected .
6 .2 .5 . S ta in in g  the  ge l
The clamped g e l i s  removed from  th e  ta n k , the  spacers 
eased o u t from  between the  p la te s  and the  to p  p la te  
p r is e d  o f f  g e n t ly  u s in g  th e  edge o f  a r u l e r .  The 
s ta c k in g  g e l i s  c u t o f f  and h o ld in g  the  re s o lv in g  ge l 
by the  bottom edge i t  i s  p laced in  a s ta in in g  d is h .
The s t a in i n g  p ro c e d u re  i s  c a r r i e d  o u t  a t  room 
tem pera ture  w ith  g e n tle  shaking and i s  as fo llo w s :
a . S ta in  20 mins in  0.25% Comassie B lue .
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b. Rinse se ve ra l tim es in  d e -s ta in in g  s o lu t io n  
u n t i l  the  background i s  c le a r  bu t the  p ro te in  
bands are  b lu e .
c . Wash tw ic e  (2 x 10 mins) in  10% e th a n o l.
d. Wash th re e  tim es ( 3 x 3  mins) in  d e - io n is e d
w a te r.
e . S t a in  30 m in s  i n  0 .1 %  s i l v e r  n i t r a t e  
s o lu t io n .
f .  Im m erse  g e l i n  d e v e lo p in g  s o l u t i o n  f o r  
app rox im a te ly  1 0  mins o r u n t i l  the  p ro te in  
bands tu rn  b la c k .
g. Stop the  deve lop ing  by immersion in  1% a c e t ic  
ac id  s o lu t io n  fo r  1 0  m ins.
h. Wash th re e  tim es ( 3 x 3  m ins) in  d e - io n is e d  
w a te r.
i .  Bathe the  ge l in  Farmer’ s reducer f o r  approx­
im a te ly  5 mins u n t i l  a l l  the  brown s ta in  has
disappeared. R inse fo r  1 min in  tap  w a te r.
j .  Wash th o ro u g h ly  in  d e - io n is e d  w ater u n t i l  the
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y e llo w  c o lo u r has disappeared from  the  g e l.
k . Repeat s teps  c -h  in c lu s iv e .  In  s tep  f  the  
b a n d s  w i l l  d e v e lo p  m uch m o re  q u i c k l y  
(app rox im a te ly  5 m in s ). Stop the  deve lop ing  
as soon as ade qua te  c o n t r a s t  i s  a c h ie v e d  
between the  bands and the  background.
1. S to re  the  g e l in  5% aqueous g ly c e ro l s o lu t io n  
a t  4° C.
6 .2 .6 . D ensitom etry
Wet g e ls  are scanned us ing  a Bio-Rad Densitom eter and 
the  data are  in te g ra te d  on a computer. The base l in e  
i s  s e t by scanning a b lank area o f  th e  g e l. The sample 
t r a c k s  a re  th e n  s c a n n e d  i n  o r d e r  and e ach  peak 
corresponds to  each p ro te in  band on the  ge l in  any one 
t ra c k .  The area o f  each peak is  recorded as percentage 
o f  the  t o ta l  p ro te in  p resen t in  the  t ra c k .
6 .3  EXPERIMENTAL
5 g ro u p s  o f  m ic e  w e re  t r e a t e d  w i t h  d e - io n is e d  w a te r  
( c o n t ro l) ,  thym id ine  a lone , thym id ine  w ith  d e o x y c y tid in e , 
adenine a lone o r adenine w ith  d e o xycy tid in e  as described  in  
Chapter 4, S ec tion  4 .3 .5 . In  a d d it io n ,  4 groups o f  ra ts  
were t r e a te d  w i th  0 , 5 0 , 100 o r  150 m g/kg a d e n in e  as
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described  in  Chapter 4 , S e c tion  4 .3 .7 . The sperm suspension 
rem ain ing from  those mice k i l le d  a t  4 weeks and those ra ts
k i l le d  a t  5 weeks was su b jec ted  to  the  p ro te in  e x tra c t io n
procedures o u t lin e d  above ( 6 .2 .1 . ) .  These p ro te in s  were 
e s t im a te d  by  one o f  th e  m e th o d s  d e s c r ib e d  ( 6 . 2 . 3 . ) ,
separated by PAGE and analysed by scanning d e n s itom e try .
Comparisons were made between the  membrane p ro te in s  p resen t 
in  the  sperm from  c o n tro l and tre a te d  an im a ls .
6 .4  RESULTS
6 .4 .1  Mice
F ig .  6 .2 .  shows th e  p r o te in  ban d in g  p a t te r n  a f t e r  
e le c tro p h o re s is  o f  the  sperm membrane p ro te in  ly s a te s  
from mice tre a te d  w ith  th ym id in e , d e o x y c y tid in e  and 
adenine. V is u a l ly ,  th e re  was ve ry  l i t t l e  d if fe re n c e  
b e tw e e n  th e  t r e a t e d  and c o n t r o l  m ic e .  H o w e v e r, 
a lthough  app rox im a te ly  equal q u a n t it ie s  o f  p ro te in  were 
loaded in to  each w e ll ,  the  tra c k s  o f  the  ly s a te s  from  
th e  m ice  g iv e n  th y m id in e  w i th  d e o x y c y t id in e  and 
adenine w ith  d e o xycy tid in e  appeared to  c o n ta in  le s s  
p ro te in .  A lso , a t  the  end o f these two tra c k s  th e re  
were no bands o f  low m o lecu la r w e igh t p ro te in s .  These 
bands were p re s e n t in  th e  t r a c k s  fro m  th e  c o n t r o l  
anim als and those tre a te d  w ith  thym id ine  o r adenine 
o n ly  and rep re se n t the p ro te in s  o f  h ighe r charge th a t
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d id  n o t separa te  under the  e le c tro p h o re t ic  c o n d it io n s  
employed.
In  a l l  groups th e re  was a 14 KD d o u b le t band th a t  was 
v e r y  p r o n o u n c e d ,  a s  w e re  b a n d s  o f  p r o t e i n  o f  
approxim ate m o lecu la r w e igh t 27, 40, 45, 55 and 100 KD.
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Fig. 6.2 The electrophoretic mobility of sperm membrane 
proteins from mice given thymidine, adenine 
and deoxycytidine
Mw(KD)
TdR TdR& Ad Ad& 
dCYD dCYD
KEY
C = Control 
TdR = Thymidine 
dCYD = deoxycytidine 
Ad = Adenine
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The scanning densitom ete r produced chromatograms o f  these 
t ra c k s  and the  peaks cou ld  be id e n t i f ie d  by re fe re n ce  to  the  
marker t ra c k s ; these scans are  shown in  F ig  6 .3 . The areas 
o f  these peaks expressed as p ro p o rt io n s  o f  the  t o ta l  p ro te in  
in  each sam ple were a n a ly s e d  and th e  v a lu e s  o f  th e  s ix
p ro te in s  are  g iven in  Table 6 .1 . Th is  ta b le  a lso  shows the
percentage o f  abnormal sperm in  the  m ice, taken from  Table 
4 .1 0 . ,  fo r  comparison purposes.
Table 6 .1 . P ro p o rtio n s  o f  membrane p ro te in s  in  the  sperm o f
mice tre a te d  w ith  th ym id in e , adenine and 
d e o x ycy tid in e .
^abnormal % (o f t o t a l ) o f  p ro te in  o f M.W. (KD)i
Group Sperm 1 0 0 55 45 40 27 14
C o n tro l 7.0 0.47 2.05 1.91 0.23 4.58 14.70
TdR 13.4 0.60 2.74 2.53 1.41 4.72 14.43
TdR + dCYD 5.1 0.29 3.36 3.26 3.73 4.05 17.11
Ad. 13 .4* 0 . 8 6 2.84 0.79 1 . 6 6 4.29 14.19
Ad + dCYD 9.3 0.80 4.79 5.98 6.07 2.71 14.37
# £<0.05 by a n a ly s is  o f  va riance  and the  procedure o f  Least 
S ig n if ic a n t  D iffe re n c e .
Ad = Adenine; TdR = Thym idine; dCYD = d e o xycy tid in e
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i. ig,. ^Dciiojn.umeLt;i. scans 0 1  sperm memprane proteins
from mice given thymidine, adenine and 
deoxycytidine
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Peak numbers represent proteins of particular molecular 
weight in KD : 1 = 100; 2 = 55; 3 = 45; 4 = 40; 5 = 27; 
6-16 = 14.
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T h e re  a p p e a r e d  t o  be no c o r r e l a t i o n  b e tw e e n  
m o rp h o lo g ic a l ly  abnorm a l sperm and amount o f  sperm 
m embrane p r o t e in s  in  t h i s  a n a ly s i s .  The o n ly  
d iffe re n c e s  from c o n tro l were m inor in c reases  in  the  
p ro p o rt io n s  o f  the  40 and 45 KD p ro te in s  in  the  ly s a te s  
o f  sperm from  both  groups o f  mice g iven d e o xycy tid in e  
in  co n ju n c tio n  w ith  e i th e r  thym id ine  o r adenine.
6 .4 .2 . Rats
F ig .  6 .4 .  shows th e  p r o te in  b a n d in g  p a t te r n  o f  th e  
sperm membrane p r o te in  ly s a te s  fro m  th e  r a t s  g iv e n  
v a r y in g  c o n c e n t r a t io n s  o f  a d e n in e .  A g a in  th e  
predominant bands were those correspond ing  to  p ro te in s  
o f  m o le c u la r  w e ig h t s  1 0 0 ,  5 5 ,  4 5 ,  4 0 ,  27 a n d  
p a r t ic u la r ly  14 KD. F ig .  6 .5 . shows the  scans o f  these 
tra c k s  w ith  these p ro te in  peaks id e n t i f ie d  and Table 
6 . 2 .  sh o w s  t h e  a n a ly s e s  o f  t h e s e  p e a k s .  The 
p e rc e n ta g e s  o f  abnorm al sperm  among th e s e  r a t s  a re  
ta k e n  fro m  T ab le  4 .1 4 .  A g a in , th e re  were v e ry  few  
d iffe re n c e s  between tre a te d  and c o n tro l r a ts  in  the  
p r o p o r t io n s  o f  spe rm  m embrane p r o t e in s  and no 
c o r re la t io n  between in c rea ses  in  abnormal sperm and 
in c re a s e s  in  th e  14 KD p r o te in  d o u b le t .  The o n ly  
d if fe re n c e  was a s l ig h t  in c rease  in  the  45 KD p ro te in  
among a l l  tre a te d  ra ts  compared to  the  c o n tro l r a ts .
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Fig. 6.4 The electrophoretic mobility of sperm membrane 
proteins from rats given O(Control), 50, 100 or 
150 mg/kg adenine
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C = Control
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Fig. 6.5 Densitometer scans of sperm membrane proteins
from rats given 0(Control), 50, 100 or 150 
mg/kg adenine
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Peak numbers represent proteins of particular molecular 
weight in KD : 1 = 100; 2 = 55; 3 = 45; 4 = 40; 5 = 27;: 
6-10 = 14.
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Table 6.2. Proportions of membrane proteins in the sperm
o f r a ts  tre a te d  w ith  0 . 50, 100, o r 150 mq/kq 
adenine
%
Group
abnormal
Sperm 1 0 0
% (o f  t o t a l }  p ro te in  o f M.W. (K .D .) :
55 45 40 27 14
C o n tro l 1 .4 3.05 1.56 1.95 2.36 2.65 11.67
50mg/KgAd. 3.2 2.91 1.27 3.47 3.65 3.44 9.84
lOOmg/KgAd. 2.3 2.45 1.07 2.53 2.27 2.72 10.70
150mg/KgAd. 2 3 .5 ** 3.42 2 . 2 0 3.36 2.17 1.53 11.58
XX £<0.01 by a n a ly s is  o f  va rian ce  and the  procedure o f  Least 
S ig n i f ic a n t  D iffe re n c e .
Ad. = Adenine
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6.5 DISCUSSION
These re s u lts  showed no c o r re la t io n  between abnormal sperm 
m orp ho logy  and changes in  th e  p r o p o r t io n s  o f  membrane 
p ro te in s . However, the  inc reases  in  sperm a b n o rm a lit ie s  in  
both the  ra ts  g iven  adenine and the  mice g iven thym id ine  o r 
a d e n in e  were r e l a t i v e l y  m in o r .  I t  i s  p ro b a b le  t h a t  th e  
p e rc e n ta g e  o f  abnorm a l sperm was i n s u f f i c i e n t  f o r  any 
changes in  the  p ro te in s  to  be de tected  by t h is  method. I t  
was u n fo r tu n a te  t h a t  i t  was o n ly  d u r in g  th e s e  in  v iv o  
s tu d ie s  th a t  i t  was decided to  rese rve  the  sperm suspensions 
fo r  e le c tro p h o re t ic  a n a ly s is  o f  the  p ro te in s . The r e s u lts  
may have shown some c o r re la t io n ,  in  respec t o f  in c rea ses  in  
the  14 KD w ith  increased  sperm a b n o rm a lit ie s , had the  sperm 
from the  mice tre a te d  w ith  adenine been in v e s tig a te d ,  s in ce  
the  le v e l o f  a b n o rm a lit ie s  was much h ighe r in  these an im a ls .
The 14 KD d o u b le t p ro te in  predom inated in  a l l  the  tra c k s  and 
v is u a l ly  i t  appeared th a t  the  same p ro te in s  were p resen t in  
the  ly s a te s  from the  mice and the  ra ts .  However, the  g e ls  
them selves, and the  densitom ete r ana lyses show th a t  th e re  
were d iffe re n c e s  in  r e la t iv e  amounts o f  c e r ta in  p ro te in s .  
For exam p le , th e  100 KD p r o te in  was p re s e n t in  la r g e r  
am ounts in  th e  ly s a te s  o f  th e  r a t  sperm and th e  55 KD 
p ro te in  was p resen t in  la rg e r  amounts in  the  mice sperm. 
T h is  55 KD p r o te in  may c o rre s p o n d  to  th e  p r o te in  te rm ed  
c a l ic in  by Longo e t a l (1987). I f  the  p e r in u c le a r  theca i s  
in v o lv e d  in  th e  p ro ce ss  o f  sperm head s h a p in g , i t  i s
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p o s s ib le  th a t  m inor d iffe re n c e s  in  p ro te in  c o n s t i tu t io n  may 
be due t o  th e  u l t im a t e  s p e c ie s  d i f f e r e n c e s  i n  spe rm  
morphology. The s ig n if ic a n c e ,  i f  any, o f  the  in c rea ses  in  
40 and 45 KD p ro te in s  in  the  sperm membranes o f  the mice 
g iven thym id ine  o r adenine w ith  de o xycy tid in e  is  unknown.
Brinkworth et al (1989) found increases in the proportion of the 
14 KD p ro te in  in  the  tra c k s  o f  sperm ly s a te  from  anim als 
w ith  increased  le v e ls  o f  abnormal sperm. He found t h is  band 
to  be a ffe c te d  in  both the  e x tra c t io n s  o f  n u c le o p ro te in s  and 
the  membrane p ro te in s  and suggested th e re fo re  th a t  i t  was a 
ch ro m a tin -assoc ia te d  membrane p ro te in .  Th is hypo thes is  
seems p la u s ib le  in  v ie w  o f  th e  im p o r ta n t  r o le  c h ro m a tin  
condensation p lays  in  nuc lea r con fo rm a tion , and in  v iew  o f  
the  c lo se  a s s o c ia tio n  o f  the  p e r i-n u c le a r  theca w ith  the  
nuc leus. I f  the  c o n f ig u ra t io n  o f  sperm p ro te in s  i s  s p e c ie s - 
s p e c i f ic ,  and s in ce  sperm head-shape d e f in i t e ly  i s ,  i t  may 
be th a t  a l te ra t io n s  in  the  p ro te in s  w i l l  a f fe c t  sperm head 
m orphology.
M a rtin  and Rademaker (1988) found no re la t io n s h ip  between 
sperm morphology and chromosomal n o rm a lity . A ls o , i t  i s  
u n l ik e ly  th a t  chromosomal a b n o rm a lit ie s  would a l t e r  sperm 
shape d u rin g  sperm iogenesis s in c e , in  g e n e ra l, th e re  i s  no 
h a p lo id  express ion  in  sperm (B e a tty , 1972). I t  seems l i k e l y  
th e re fo re ,  th a t  genes th a t  c o n tro l sperm shape a re  expressed 
a t  the  d ip lo id  le v e l,  and th a t  the  sperm morphology assay 
d e t e c t s  p o in t s  m u ta t io n s  r a t h e r  th a n  c h ro m o s o m a l
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a b n o r m a l i t ie s .  In  l i g h t  o f  th e  e v id e n c e  t h a t  excess 
thym id ine  o r adenine causes G:C— >A:T t r a n s i t io n  m uta tions 
(reviewed e a r l ie r  in  t h is  th e s is ) ,  i t  may be th a t  m uta tions 
o f  t h is  type  r e s u lt  in  enhanced o r depressed exp ress ion  o f  
genes cod ing fo r  p a r t ic u la r  p ro te in s .
A lthough the  re s u lts  presented here were n e g a tiv e , o th e r 
experim ents have shown th e re  to  be some c o r re la t io n  between 
a l te r a t io n s  in  sperm membrane p ro te in s  and increased  le v e ls  
o f  m o rp h o lo g ic a lly  abnormal sperm. I t  i s  f e l t  th a t  t h is  
a n a ly t ic a l system cou ld  be developed as a u s e fu l a d ju n c t to  
the  sperm morphology te s t  and cou ld  he lp  to  e lu c id a te  i t s  
b a s is .
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C H A P T E R  7
General D iscuss ion
Since the  b io s y n th e t ic  pathways o f  the  thym id ine  n u c le o tid e s  are 
lo n g e r  and more c o m p lic a te d  th a n  th o s e  o f  th e  o th e r  dN TP 's , 
in  v i t r o  research in to  the  g e n e tic  consequences o f  DNA p recu rso r 
pool im balance has tended to  focus on the  e f fe c ts  o f  excess o f  
t h is  p y r im id in e . S im i la r ly ,  in  the  work presented he re , the  
m a jo r ity  o f  the  experim ents were designed to  in c rease  the  le v e ls  
o f  thym id ine  a v a ila b le  to  roden t germ c e l ls  fo r  DNA s y n th e s is . 
However, thym id ine  i s  ex trem e ly  n o n -to x ic  in  v iv o . Pharmocology 
s tu d ie s  w ith  thym id ine  have shown th a t  a t  h igh  le v e ls ,  50% o f  
thym id ine  i s  c le a re d  by the  k id neys , w h ile  a t  lower le v e ls  th e re  
i s  v e ry  l i t t l e  e x c r e t io n ,  w h ich  r e f l e c t s  s a tu r a t io n  o f  th e  
m e tabo lic  processes th a t  c a ta b o liz e  t h is  p y r im id in e  n u c le o s id e . 
The enzyme thym id ine  phosphorylase degrades thym id ine  to  thym ine 
and i t s  a c t i v i t y  has been found to  predom inate in  the  p la te le ts .  
The im portance o f  in  v iv o  s tu d ie s  in  p recu rso r pool research  is  
demonstrated by the  fa c t  th a t  p la te le ts  and anuclea ted red b lood 
c e l ls  evo lved to g e th e r in  mammals, s in ce  p la te le ts  were needed to  
reduce the  o the rw ise  overw helm ing ly to x ic  le v e ls  o f  thym id ine  
w h ich  w ou ld  r e s u l t  fro m  th e  re g u la r  re le a s e  o f  DNA fro m  th e  
e ry th ro c y te s . In  v i t r o  s tu d ie s  us ing  one c e l l  type  cou ld  no t 
d e te c t t h is  'b io lo g ic a l c o o p e ra tio n '.
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In  the  s tu d ie s  re po rte d  here however, the  p la te le ts  proved, a t  
t im e s ,  to  be to o  e f f i c i e n t .  The d o m in a n t. le t h a l  s tu d y  was 
n e g a t iv e ,  a g a in  an in d ic a t io n  o f  th e  n o n - to x ic  n a tu re  o f  
thym id ine  and the  m icronucleus te s t  was o n ly  m a rg in a lly  p o s it iv e  
a t  ve ry  h igh  doses. However, both these assays are  designed to  
d e te c t chromosome damage and an a lte rn a t iv e  e x p la n a tio n  fo r  the  
la c k  o f  respon se  w i th  th y m id in e  i s  t h a t  a l t e r a t io n s  in  th e  
balance o f  p recu rso r pool c o n s t itu e n ts  are  though t to  cause p o in t 
m u ta tion  ra th e r  th a t  o v e r t damage.
Another approach employed in  in  v i t r o  s tu d ie s  i s  to  upse t DNA 
p recu rso r poo ls by d e p le tin g  the  medium o f  th ym id in e . Th is  is  
im p o s s ib le  to  a c h ie v e  in  v iv o  s in c e  in  th e  w ho le  a n im a l th e  
s ta tu s  quo w ou ld  be m a in ta in e d  by fe edba ck  mechanisms o r  th e  
means em ployed to  d e p le te  a p a r t i c u la r  p o o l i . e .  a n t i f o l a t e  
drugs, FUdR, would a lso  a f fe c t  o th e r pathways and the  s iz e  o f  
o th e r p recu rso r poo ls .
In  l i g h t  o f  th e  p ro b a b le  e x is te n c e  o f  e f f i c i e n t  r e g u la to r y  
mechanisms fo r  the  maintenance o f  in  v iv o  p recu rso r poo l ba lance , 
th e  q u e s t io n  a ro s e  o f  how m uch, i f  a n y ,  o f  th e  t h y m id in e  
adm in is te red  in  these experim ents a c tu a l ly  reached th e  ta rg e t  
c e l l s .  To a d d re ss  t h i s  p rob lem  th e  a n a ly t ic a l  te c h n iq u e  
described in  Chapter 5 was developed and i t  was shown th a t  the  
thym id ine  d id  reach the ta rg e t  t is s u e ,  in  t h is  case th e  te s te s ,  
and is  r a p id ly  c a ta b o liz e d .
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Thus th e  a n a ly s is  by h ig h  p e rfo rm a n ce  l i q u i d  ch ro m a to g ra p h y  
showed th a t  the  poo l was upse t, a lb e i t  te m p o ra r ily ,  and th a t  t h is  
imbalance was s u f f ic ie n t  to  a l t e r  the  normal development o f  the  
male germ c e l ls .  Due to  i t s  much g re a te r t o x ic i t y ,  the  pu rin e  
a d e n in e  showed a f a r  g re a te r  e f f e c t  on sperm m orp ho logy  th a n  
th y m id in e  and i t  was p o s s ib le  to  show t h a t  t h i s  e f f e c t  was 
t ra n s m is s ib le .  These s tu d ie s  a ls o  showed th a t  w ith  regard  to  
sperm m orphology, th e re  is  a d if fe re n c e  in  s u s c e p t ib i l i t y  to  the  
e f fe c ts  o f  p recu rso r pool im balance n o t o n ly  between species bu t 
a ls o  between s t ra in s  o f  an im a l. The e f fe c t  was fa r  g re a te r in  
CD1 mice than in  MF1 and in  genera l , the  germ c e l ls  o f  mice were 
more vunerab le  than those o f  r a ts .  Inb red  s t ra in s  o f  m ice show 
d i f f e r e n t  p ro p o rt io n s  o f  n a tu r a l ly  o ccu rin g  abnormal sperm (Bruce 
e t  a l , 1974; K rzanow ska, 1976) and th e se  d i f f e r e n c e s  a re
determ ined by a sm all number o f genes (Krzanawska 1969, 1972). 
I t  i s  probab le  th e re fo re , th a t  the  le v e l o f  induced a b n o rm a lit ie s  
in  th e  sperm m o rp ko lo gy  a s s a y , i s  dependent upon th e  p o in t  
m u ta tio n s , though t to  occur in  c o n d it io n s  o f  poo l im balance, 
a f fe c t in g  these s p e c if ic  genes. I t  may be th a t  th e re  are  more 
genes in  CD1 mice re sp o n s ib le  fo r  sperm morphology than  th e re  are  
in  MF1 mice and th e re fo re  th e re  would be a g re a te r l ik e l ih o o d  o f  
t h e ir  be ing a ffe c te d .
Rats were shown to  be more s u s c e p tib le  to  c e l l  k i l l i n g  in  the  
presence o f  excess thym id ine  o r adenine than m ice. I t  may be 
th a t  ra ts  have more e f f i c ie n t  re g u la to ry  mechanisms than m ice and 
i t  i s  n o t u n t i l  the  do5e i s  ve ry  la rg e  th a t  these mechanisms are 
overwhelmed and the  c e l l  v i a b i l i t y  i s  a f fe c te d . In  a s im ila r
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m anner, in d iv id u a l  v a r ia t io n  among d i f f e r e n t  a n im a ls  w ou ld  
suppose th a t  some would be more s u s c e p tib le  to  low er doses than 
o th e rs  and t h is  may e x p la in  why in  the  r a t  s tu d ie s  some anim als 
showed ve ry  h igh  le v e ls  o f  abnormal sperm w h i ls t  o th e rs  d id  n o t.
In  the  s tu d ie s  w ith  adenine, when i t  was p o s s ib le  to  employ a 
norm a l d o s in g  re g im e , i t  was shown t h a t  th e  le v e l  o f  in d u ce d  
sperm a b n o rm a lity  was d o s e -re la te d . Again one cou ld  surm ise th a t  
t h is  e f fe c t  i s  due to  the  a b i l i t y  o f  the  re g u la to ry  mechanisms 
w ith in  the  c e l ls  to  compensate fo r  the  imbalance and the  n a tu ra l 
v a r ia t io n  in  t h is  a b i l i t y  between c e l ls .  A t low doses, a lthough  
each c e l l  p resum ab ly  w ou ld  re c e iv e  th e  same le v e l  o f  excess 
adenine, some would no t be a ffe c te d  whereas o th e rs  w ould ; a t  h igh  
doses, more c e l ls  would be a ffe c te d .
It is now known that sperm with a degree of morphologically abnormal 
head-shape are capable o f  f e r t i l i z a t i o n  (Kot and Handel, 1987), 
b u t t h a t  th e  sperm w i th  th e  more g ro s s  fo rm s o f  a b n o rm a lity  
p ro b a b ly  a re  n o t .  However, sperm -shape i s  p o ly g e n e t ic a l ly  
c o n tro lle d  by numerous autosomal and s e x - lin k e d  genes in c lu d in g  
T~locus a l le le s  (B enne tt, 1975), h o p -s te r i le  (Johnson and Hunt, 
1971), quaking (Bennett e t  a l , 1970), Y-chromosome (Krzanowska, 
1972, 1976) and X-chromosome (Hugenholz and Bruce, 1977) and i t  
i s  p o s s ib le  th a t  m o rp h o lo g ic a lly  normal sperm, o r those th a t  a re  
o n ly  s l i g h t ly  abnorm al, may a ls o  c a r ry  some m u ta tio n s . In  these 
in s tan ces  the  m uta tions  may be p resen t in  sperm th a t  do f e r t i l i z e  
th e  ova and th e r e fo r e  be t r a n s m it te d  to  th e  n e x t g e n e ra t io n .  
Topham , (1 9 8 0 b ) show ed t h a t  in d u c e d  in c r e a s e s  i n  spe rm
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a b n o rm a lit ie s  may be tra n s m itte d . In  the  experim ent re p o rte d  
here th e re  was a ls o  an in c rea se  in  the  numbers o f  mice w ith  
increased  le v e ls  o f  abnormal sperm fo llo w in g  trea tm en t o f  the  Fq 
males w ith  adenine. Th is  index is  used, as opposed to  percen t 
a b n o rm a lit ie s , s in ce  t re a t in g  the  anim al i . e .  the  Fq m ale, may be 
exp e c te d  to  a f f e c t  a c e r t a in  p r o p o r t io n  o f  t h a t  a n im a ls  germ 
c e l ls .  However, when t h is  anim al mates, some o f  the  fem ales eggs 
may be f e r t i l i z e d  by normal sperm, producing male F j progeny w ith  
normal sperm w h ile  some eggs may be f e r t i l i z e d  by sperm c a r ry in g  
th e  m u ta t io n s  f o r  a l te r e d  shape. The m ale p roge ny  o f  th e s e  
f e r t i l i z a t io n s  may have e le va te d  le v e ls  o f  abnormal sperm, i . e .  
no t every in d iv id u a l in  the  F^ g e n e ra tion  w i l l  be a f fe c te d .
A t p resen t our understand ing  o f  the  g e n e tic  mechanisms u n d e rly in g  
induced sperm a b n o rm a lit ie s  is  poor. However as a s h o r t- te rm  
t e s t  f o r  g e rm -c e ll m u ta t io n s ,  th e  sperm m orp ho logy  assay  i s  
ra p id ,  s tra ig h tfo rw a rd  and q u a n t i ta t iv e .  In  a d d it io n  s e v e ra l 
l in e s  o f  evidence in d ic a te  th a t  th e re  i s  a s tro n g  c o r re la t io n  
between a p o s it iv e  response in  t h is  assay and m utagenesis and 
ca rc in o g e n e s is . In  t h is  respec t th e re fo re ,  the  re s u lts  re p o rte d  
in  t h is  th e s is  in d ic a te  th a t  the  sperm morphology assay i s  no t 
o n ly  u s e fu l fo r  de te rm in ing  the  e f fe c ts  o f  chem ical mutagens on 
germ c e l ls  bu t a ls o  the  e f fe c ts  o f  unbalanced p recu rso r poo ls  . 
In  a d d it io n ,  i t  has been specu la ted  p re v io u s ly  th a t  the  sperm 
m orp ho logy  assay  w ou ld  be m ost u s e fu l in  d e te c t in g  p o in t  
m u ta tions (M a rtin  and Rademaker, 1988) and t h is  c o r re la te s  w ith  
the  in  v i t r o  data th a t  suggest th a t  excess thym id ine  o r adenine 
leads to  A:T — > G:C t r a n s i t io n  m u ta tio n . S ince the  more ou tb red
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a species i s ,  the  more v a r ia b i l i t y  e x is ts  in  sperm shape, th e re  
i s  an u rg e n t need f o r  more know ledge c o n c e rn in g  th e  g e n e t ic  
im p lic a t io n s  o f  a l te r a t io n s  in  sperm morphology as man h im s e lf i s  
ex trem e ly  ou tb red  and commonly e x h ib its  co n s ide rab le  v a r ia b i l i t y  
in  sperm-shape.
From th e  s tu d ie s  re p o r te d  h e re , i t  appea rs  t h a t  unba lanced  
p recu rso r poo ls  a f fe c t  the  g e n e tic  m a te r ia l o f  the  c e l l .  I t  i s  
p ro b a b le  t h a t  th e  e f f e c t  on sperm m orp ho logy  i s  by p o in t  
m u ta tions which r e s u lt  in  a lte re d  express ion  o f  genes cod ing fo r  
p a r t ic u la r  p ro te in s . These p ro te in s  may be those o f  the  p e r i­
nuc lea r theca o r a l te r n a t iv e ly  o f  the  nuc leus, s in ce  in te r f e r r in g  
w ith  the  bas ic  p ro te in s  in  chrom atin  (pro tam ines) has a ls o  been 
demonstrated to  m od ify  sperm shape, m a tu ra tio n  and v i a b i l i t y .
I t  i s  now obvious th a t  ta rg e ts  o th e r th a t  DNA may be im p o rta n t in  
de te rm in ing  mutagenic responses to  chem ica ls . These 
mechanisms i . e .  e f fe c ts  n o t caused by d ir e c t  a tta c k  on DNA, may 
a c t by a f fe c t in g  enzymes in  dNTP s y n th e s is , on DNA r e p l ic a t io n  o r 
r e p a i r  o r  on dNTP p re c u rs o rs  th e m s e lv e s . The im p o rta n c e  o f  
n u c le o t id e s  can be i l l u s t r a t e d  by c o n s id e r a t io n  o f  t h e i r  
fu n c t io n s . F i r s t l y  they a c t as energy donors in  a l l  the  energy- 
re q u ir in g  processes; they c o n s t itu te  many coenzymes; they  a re  the  
d ir e c t  p re cu rso rs  fo r  n u c le ic  a c id  and they  e x e r t a re g u la to ry  
c o n t r o l  on enzymes in  i t s  s y n th e s is ;  th e y  a ls o  c o n t r o l  th e  
p ro g re s s io n  o f  c e l l s  th ro u g h  th e  c e l l  c y c le .  T h e re fo re ,  
n u c le o tid e s  in f lu e n c e  a g re a t number o f  c e l lu la r  a c t iv i t i e s  and 
any th ing  th a t  a f fe c ts  t h e ir  s y n th e t ic  pathways w i l l  have enormous
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g e n e tic  consequences. D esp ite  t h is ,  n u c le o tid e s  a re  seldom, i f  
e ve r, examined in  chem ical t o x ic i t y  s tu d ie s .
Whether i t  i s  the  a l te r a t io n  in  poo l s iz e  i t s e l f  th a t  enhances 
the  c e l ls '  s u s c e p t ib i l i t y  to  mutagens, o r the  mutagen th a t  a c ts  
by a l t e r in g  th e  p o o l s iz e  i s  d e b a ta b le , b u t i t  i s  p ro b a b ly  a 
com bination  o f  b o th . I t  has been shown th a t  a lthough  chem ica ls 
may in d u c e  mutagenesis by d i f f e r e n t  m echanism s, i . e .  b a se - 
s u b s t i tu t io n  (MNNG), c o va le n t b in d in g  (n it ro q u in o lin e  o x id e ) ,  
in te r c a la t io n  (9 -am inoacride) o r c ro s s - l in k in g  o f  DNA (m itom ycin 
C ), in  each case the  pool s iz e s  are  a lte re d  (V o lk in  e t  a l , 1983). 
A ls o , some chem ica ls th a t  a re  no t d i r e c t ly  m utagenic them selves 
may a f fe c t  p a r t ic u la r  enzymes in  the  dNTP p recu rso r pathways. 
For example, z in c  i s  coupled in  an im p o rta n t way w ith  th e  enzymes 
thym id ine  k inase and DNA polymerase and Baker and Duncan (1983) 
fo u n d  t h a t  b o th  excess and d e p le t io n  o f  z in c  s i g n i f i c a n t l y  
reduced hepatoma growth in  r a ts  by in te r f e r r in g  w ith  thym id ine  
k inase in  the  salvage pathway and d im in is h in g  DNA polymerase 
a c t iv i t y .
A lto g e th e r , a l te ra t io n s  to  the  balance o f  dNTP p re cu rso r poo ls  
p ro fo u n d ly  a f fe c t  the  a b i l i t y  o f  c e l ls  to  f a i t h f u l l y  re p l ic a te  
and re p a ir  t h e ir  DNA. In  tu rn  t h is  in flu e n c e s  the  a b i l i t y  o f  the  
c e l l s  to  m a in ta in  g ro w th  c o n t r o l  and a c c e n tu a te s  th e  c e l l s  
s u s c e p t ib i l i t y  to  exogenous and endogenous chem ica ls . These 
e p ig e n e tic  mechanisms o f  m utagenesis may p la y  a r o le  in  human 
ca rc ino gene s is . I f  the  dNTP balance i s  a lte re d  fo r  any reason, 
then these in d iv id u a ls  may be more s e n s it iv e  to  the  le th a l and
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mutagenic e f fe c ts  o f  v a rio u s  chem ica ls . For example, f r a g i le  
s ite s  though t to  be assoc ia ted  w ith  dTTP d e f ic ie n c y , have been 
found in  a t  le a s t  849g o f  s p e c i f ic  s t r u c tu r a l chromosome d e fe c ts  
i d e n t i f i e d  in  v a r io u s  c a n c e rs  (Y u n is  and S o reng , 1 9 8 4 ). In  
a d d it io n ,  f o l i c  a c id  d e f ic ie n c y  i s  a ls o  assoc ia ted  w ith  c e r ta in  
f r a g i le  s i te s  and fo la te s  a re  e s s e n tia l to  the  dNTP pathways. 
F o l i c  a c id  d e f i c i e n c y  i s  one o f  th e  m o s t common v i t a m in  
d e f ic ie n c ie s  in  man and may be caused by poor d ie t ,  in b o rn  e r ro rs  
o f  m e ta b o l is m ,  a lc o h o l is m ,  p re g n a n c y ,  d i a l y s i s ,  o r a l  
c o n tra c e p tiv e s  and a n t i f o la te  drugs (Colman, 1977).
The r e s u lts  presented in  t h is  th e s is  o n ly  beg in  to  answer some o f  
th e  q u e s tio n s  'c o n c e rn in g  th e  g e n e t ic  consequences o f  DNA 
p recu rso r pool imbalance in  v iv o . However, the  re s u lts  do show 
th a t  i t  i s  p o s s ib le  to  d is tu rb  these poo ls  in  the  in ta c t  anim al 
a n d  t h a t  n o t  o n l y  may t h e s e  d i s t u r b a n c e s  be m e a s u re d  
q u a n t i t a t i v e ly ,  b u t a ls o  i t  can be shown to  in d u c e  g e n e t ic  
consequences in  germ c e l ls .  I t  i s  e v id e n t th e re fo re  th a t  the  
re g u la t io n  o f  these poo ls is  a v i t a l  mechanism in  the  maintenance 
o f  the  genome both  in  v i t r o  and in  v iv o . In  the  fu tu re  i t  i s  
hoped to  e x te n d  th e  w ork in  v iv o  by in v e s t ig a t in g  i f  v a r io u s  
c h e m ic a ls ,  d ie ta r y  f a c to r s  o r  m utagens e x e r t  s y n e r g is t ic  o r  
a n ta g o n is t ic  e f f e c t s  w i th  a l te r e d  DNA p re c u rs o r  p o o ls .  In  
a d d it io n ,  i t  i s  proposed to  e lu c id a te  th a t  mechanisms u n d e rly in g  
sperm-head morphology by a n a lyz in g  p o s s ib le  changes in  nuc lea r 
and membrane p r o te in s  in  g r o s s ly  abnorm a l sperm i . e .  th o s e  
re s u lt in g  from trea tm en t w ith  excess adenine.
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